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Abstract 
The spatial and temporal patterns in the contamination of water in the water 
channels which drain the gei wais of the Mai Po Marshes were investigated to assess 
the up-to-date water pollution status. BOD5, contents of nutrients (total and 
ammoniacal nitrogen and total and orthophosphate phosphorus) and levels of fecal 
bacteria of the channel waters from the middle part of the Marshes were generally 
lower than those of the southern andy'or northern ends, indicating a spatial pollution 
pattem across the Marshes. Seasonal variations in water pollution levels were 
observed; pollutant loadings tended to be greater in spring and summer seasons. 
The eutrophication ofMai Po waters may lead to an increased nutrient loading 
of the underlying sediments at the water channels. Total contents of nitrogen, copper, 
nickel and zinc in the surface sediments tended to be enriched at the southern and/or 
northern parts of the Marshes. Elevated total contents of phosphorus, copper and zinc 
in the surface sediments compared to the bottom layer indicate a recent elevation in 
pollution loading. Results of water solubility experiments showed that the solubility 
and thus the availability of pollutants of the sediments was in general relatively low 
(<10%). Temporal variation in sediment contamination was generally greater in 
autumn, winter and spring seasons. 
Sediments o fa shrimp-growing gei wai (Gei wai 13) were badly contaminated 
with nutrients and heavy metals but less polluted when compared to the sediment in 
the connected water channel outside the gei wai. Mobility of ammoniacal nitrogen 
and orthophosphate phosphorus from sediments increased with increasing levels of 
salinity and temperature of the overlying water. This may imply the potential of 
remobilization of nutrients from sediments owing to seasonal changes. The water 
• • 
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solubility of nutrients (nitrogen and phosphorus) of air-dried sediments was lower 
than that of wet sediments, while the release of metals to the extracts were greater in 
air-dned sediments than that of wet sediments. Results from the toxicity bioassays 
indicate that sediment was slightly toxic. Toxic responses were detected only by the 
survival test of amphipod {Elasmopus rapax) and the growth inhibition test of alga 
{Chlorella pyrenoidosa CU-2) but not by luminescent test of bacterium {Vibrio 
fischeri). 
The assimilative potential of gei wais to polluted water is suggested. The 
quality of the polluted tidal water from the Deep Bay was improved after being 
retained in Gei wai 7 which is not being used for aquaculture, but showed a greater 
fluctuation in Gei wai 13 which is a shrimp-growing pond. For a retention of24 days, 
the maximum percentage reduction of BOD5, ammoniacal nitrogen, orthophosphate 
phosphorus, fecal coliforms and fecal streptococci of was 71.7, 88.0, 68.3, 97.9 and 
98.9%, respectively. 
The pollution status of the Mai Po Marshes is so poor that the biological life 
may be liable to significant impacts. Application of gei wais as self-purification 
systems for polluted water may be a way to cope with the increasing pollution 
burdens and a low-cost solution to environmental conservation. 
iii 
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CHAPTER 1 INTRODUCTION 
1.1 MAI PO MARSHES NATURE RESERVE _ N G KONG) 
1.1.1 Site description 
The Mai Po Marshes Nature Reserve is situated in the northwestern comer of 
the New Territories, Hong Kong，on the eastem edge of Deep Bay which borders the 
Shenzhen Special Economic Zone (SEZ), Guangdong Province on the north. It is 
located at 22�30，N and 114^02'E and occupies an area of381 hectares (Fig. 1.1). The 
Mai Po Marshes, together with the extensive inter-tidal mudflats and freshwater fish 
ponds, make up the largest remaining wetland area in Hong Kong. Deep Bay is the 
largest estuarine area in Hong Kong with a surface area of 112 km^ and a catchment 
area of 500 km^. Despite its name, however, it has an average depth of only 2.9 m, 
with a maximum of 6 m (L:ving and Morton, 1988). From Deep Bay landwards, the 
Marshes contain a diversity of wetland habitats in sequence, namely inter-tidal 
mudflats, dwarf mangrove forests, traditional tidal shrimp ponds (gei wais) and 
freshwater fish ponds (Fig. 1.2). The Marshes consist of about 70% shrimp and fish 
ponds and 30% mangroves. 
At present, most of the Mai Po Marshes Nature Reserve is managed by the 
World Wide Fund for Nature Hong Kong (WWF HK) which plays a very important 
role in education and public awareness. The education center in Mai Po is visited by 
around 40,000 people each year, of which about 10,000 are primary and secondary 
school students who join one of the 350 specially guided school visits organized by 
WWF HK during weekdays. This provides an important recreational and educational 
service for the public. The Mai Po Marshes are relatively small in size when 
compared with other wetlands in Asia’ especially those in mainland China. A sister 
1 
！ 
J^ mm^^^mrnrnII"m hu,___*^ mi^m %4^jJ .iy»iJiii»Hi.i ^ 71 
|gy ‘料‘’減^ ,‘“ ,r m-^- a^,%m(f4'.l^ ‘ • • ： •- • I 
MMin； \ <iJp^(^*f>.- “ _ _ - — — | ^ 、 _ - “ _ . 一 . •,..... « ,^_ ^ ^ "r , : . ; - 、 , , , : ： • :.直 
！ ； 、 S H E N Z H E N � ^ > ^ / … S h e n z h e n ： | 
jESTUARY^f^.-- 2\^ : � ‘ | . . ... . .... � � . ••:/ 
\ ^ / t 3 c ^ � / ShenzhenRiver7^ / " ^ ^ ^ W 
i ^HONG KONG / ^ ^J , ^=»»^ _=^ � _ 
! r ^ ^ i ： . “ � i i ^ ^ ^ ^ ： 
i ^ ^ I • ‘ , t > ^ / \ ^ : 7 
f ^ ~ ~ ^ ~ w � r f , / Z : ^ 1 ! ^ ¾ ^ ^ ^ ？ Deep Bay| . ‘ | y ^ ^ ° ^ \ «. 
" , f ; ‘ f / Mai Po Marshes (' \ _ 时 
• m ‘ 毫 • / ;Nature Reserve ^ . > L . , . " 
5 i » ^ m ‘…：" si ‘ :’）、,—.「. .:，） ：... /广< 
_ l : p o # ^ - : …- ，遍 / T ? ^ ' ^ : ^ ; : ; ^ f 大•基 q ; ^ i i ? ^ � r V r ^ " , . 
_ _ i J — 画 _ 
& f e ^ & » 4 
_ ^ . : . , : : _ ^ ^ j 
, : . i i . _ _ ^ ^ ^ 
: 二 ： j ^ : ^ m : . ) • . : 」 : . : : : : : . . 1 ^ : : 」 
^ ^ ^ ^ i ^ : 輕 _ 麵 
| ； ^ * . ) ^ ^ ； 聊 導 、 \ ; ’ ‘ : _ _ 
^ ¾ . : . ^ ^ ^ ¾ ^ 應 _ 
^ ^ ^ ^ % A x S ^ / p ^ ^ ^ f M ^ m ^ ^ r m ^ ^ •〜‘.）一〉如氣“^^^‘： 
^ ^ ^ 5 f ^ ? ^ ^ ^ s # ^ 7 ^ P | ^ ^ ^ | # # t 3 ^ : — i "? ' . '� fT— ^ ' f . 7 “ : 
\ ^ ¾ ¾ . : ' ^ S M I ^ ^ , / ^ ^ i 
U % f e ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ， _ 
f T ^ j ^ ^ f e ^ ^ ^ ^ ^ ^ ^ i s I ^ ^ ( � ， ” I 
^ i ^ ^ ^ ^ l W ^ 4 S 5 5 ^ K T T s � f� • 
Fig. 1.1 Map of the Mai Po Marshes Nature Reserve, Hong Kong. 
_ 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ w 
^^^^^^^^^^1 � ^^^H 
^ ^ ^ H -<•‘ ,驚>塞 . . . • 
^ ^ H 〜 : ' 為 ％ 、 A , z . : > � � . : ’ . , " . � . . ： I 
^ ^ H ^ ‘ ：. ^ r ^ ^ L \ r < W � w ^ ^ ^ ^ ；、 • 
• ® ® € ™ S P ^ ” I 
• � ^ ^ i s i _ 
• ： 感 Y i ^ ^ > x 5 � l ^ | 
^ m 參 f ^ ^ ^ P ^ ^ ^ J P f i ^ 
^ M ； . • ^ ^ 、 、 《 、 於 象 - r ^ ^ H 
^ ^ ^ M 
reserve ofMai Po, the Fu Tien Nature Reserve, which has an area of 300 hectares, is 
located at the Shenzhen SEZ. The reserve was established in 1984，declared as a 
National Nature Reserve in 1988, and managed by the Shenzhen Agricultural Bureau. 
Six mangrove species, with Avicennia marina being the most common species, are 
found there. They are relatively short with a maximum height of4.5 m. 
1.1.2 Ecological and conservation importance 
1.1.2.1 Local and international recognition 
The conservation value of the Mai Po Marshes Nature Reserve is highly 
recognized on a local, regional and international level (Young, 1994a; Young and 
Melville, 1993). The Mai Po Marshes were designated as a Nature Conservation Area 
in June 1975 and a ‘Site of Special Scientific Interest, (SSSI) in 1976. The SSSI 
listing serves to alert relevant government departments of the scientific importance of 
the site and that incompatible developments should not be allowed in or near the site. 
However, SSSI was only an administrative status and did not confer any legal 
protection. Following the revision of the Town Planning Ordinance, the terrestrial 
areas of SSSI have been marked on the relevant Outline Zoning Plans and are subject 
to the statutory control over the landuses in this sensitive site. No land uses are 
automatically permitted. The Marshes were further declared as a restricted area under 
the Wild Animals Protection Ordinance (Cap. 170) in 1978 and it is an offence to 
capture, possess or offer for sales all wild birds and most of the wild mammals in 
Hong Kong, toplemented by the Agriculture and Fisheries Department (AFD) ofthe 
Hong Kong Government, access to the designated area of wildlife habitat is restricted 
to visitors with a valid permit. This will help minimize disturbance to the ecological 
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system by human activities such as fishing. Mangrove forests in the Marshes are 
protected under the Forests and Countryside Ordinance (Cap. 96) and it is an offence 
to fell, cut, bum or destroy any mangroves grown on government land. In 1995, Hong 
Kong Government approved the listing ofMai Po and Lmer Deep Bay as a Wetland of 
International Lxiportance (Ramsar Site) under the Ramsar Convention on the 
Conservation of Wetland of LitemationaI Lmportance Especially as Waterfowl 
Habitat. The listing help to promote the conservation of this internationally important 
wetland, conserve plants and animals in the area and prevent environmental damage 
caused by incompatible development. After designation, wetlands in Mai Po and 
inner Deep Bay will be managed by the Ramsar Management Authority and chaired 
by Director ofAFD to ensure the wetlands are managed under wise use principle. Li 
1996, AFD commenced a consultancy study to draft a management plan for the 
Ramsar Site. Ramsar designation provides an excellent place where education, 
recreation, farming and conservation can be integrated. 
Two Buffer Zones have been designated to control landuse and development 
in the area surrounding Deep Bay (Fig. 1.3)，and the Government has set out 
administrative guidelines regarding factors which will be considered by the Town 
Planning Board when reviewing development proposals within the two zones. The 
objectives are to increase the carrying capacity and diversity of wildlife in the zones 
and promote the area for educational and ecological uses. Buffer Zone 1，the 950 
hectares immediately surrounding Mai Po, is kept for conservation. Much of the 
1,030-hectares Buffer Zone 2，where Nam Sang Wai sits, will be left for conservation 
and recreation. New developments will only be allowed in Buffer Zone 1 ifthey need 
to support the conservation of natural features and scenic qualities ofthe area. Uses in 
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Fig.l.3 Two Buffer Zones surrounding the Mai Po Marshes. 
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Buffer Zone 1 such as a field study centre, and education or visitors centre may be 
permitted. In Buffer Zone 2, developments will be allowed if it can be proven that 
they will have insignificant impact on the Mai Po Marshes Nature Reserve and inner 
Deep Bay. Table 1.1 summarizes the conservation values of the Mai Po Marshes. 
1.1.2.2 Birds 
Hong Kong lies on the East Asian Flyway through which birds of the northern 
hemisphere migrate from the near-arctic to the neotropical areas. Hong Kong is a 
critical point and serves as an essential stopover and refdelling station on this 
migration route along which birds leave the North in winter for the warm south and 
return in spring from the Tropics. Every year an estimate of two to three millions 
migratory birds and waterfowls such as gulls, ducks, herons, plovers and sandpipers 
fly from their breeding grounds in Northem China, Mongolia and Siberia, to their 
wintering grounds in Southeast Asia and Australia. About 80% of the some 380 bird 
species recorded in Hong Kong are passage migrants or wintering species (Hung and 
Ho, 1995). The Mai Po Marshes are the most important feeding and roosting grounds 
in Hong Kong for these birds. Mai Po acts as a staging post where they can rest, feed 
and build-up their energy reserves before they once again start on to the next stage of 
their longjoumey. Over 320 species have been recorded from Deep Bay and Mai Po 
area. About 49,000 (Young and Melville, 1993) and 55,000 (Hung and Ho, 1995) 
wintering waterfowl were counted in January 1991 and 1994，respectively. In January 
1995 at least 63,000 waterbirds were estimated using the area to overwinter before 
flying back north in spring to their breeding sites (Young, 1995). The number of 
waterfowl recorded in Deep Bay increased greatly over the last decade (Fig. 1.4). An 
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Table 1.1 Conservation values of the Mai Po Marshes. 
Listings Specific concerned Year 
Forests and Countryside Ordinance Forests, plantation, and certain local 1937 
(Cap. 96) wild plant species like orchids 
Nature Conservation Area Animal and plant species 1975 
Site of Special Scientific titerest (SSSI) Administrative designation and 1976 
control of land uses 
Wild Animals Protection Ordinance All birds and selected reptiles 1978 
(Cap. 170) 
Wetland of Litemational tnportance Rare, vulnerable or endangered 1995 
Especially as Waterfowl Habitat species like Black-faced Spoonbill 
(Ramsar Convention) 
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Fig. 1.4 Total waterfowl count in Deep Bay during mid-January 
from 1986 to 1996. (World Wide Fund for Nature Hong Kong) 
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estimated 20,000-30,000 shorebirds use the area around Deep Bay and Mai Po on 
spring and autumn migration (Young, 1995). 
The area also provides wintering grounds for certain endangered wildlife with 
a significant proportion of the world populations of Black-faced Spoonbill {Platalea 
minor) (21%) (Dahmer and Felley, 1994) and Saunders’ Gull {Laras saundersi) (6%) 
(Collar and Andrew, 1988)，and a stopover point for about 3% of the world population 
of Nordmann's Greenshank {Tringa guttifer) and about 1% of Asian Dowitcher 
{Limnodromus semipalmatus) (Rose and Scott, 1994). Li addition, it supports more 
than 1% of the flyway population of Lesser Sand Plover {Charadris mongolus), 
Greater Sand Plover {Charadris leschenaultii), Grey Plover (Pluvialis squatarold), 
Curlew Sandpiper {Calidris ferruginea), Broad-billed Sandpiper {Limnicola 
falcinellus), Black-tailed Godwit {Limosa limosa) and Marsh Sandpiper {Tringa 
stagnatilis) (Watkins, 1993); other globally rare or threatened species which regularly 
occur are Dalmatian Pelican {Pelecanus cripus), Chinese Egret {Egretta eulophotes), 
Baer's Pochard {Aythya baeri), Baikal Teal {Anas formosa), L:nperial Eagle {Aquila 
heliaca) and Spoon-billed Sandpiper {Eurynorhynchus pygmaeus) (Collar and 
Andrew, 1988). 
1.1.2.3 Gei wais and its wildlife 
The Mai Po Marshes contain 270 hectares of traditionally operated shallow 
shrimp ponds (locally called gei wais) (Young and Melville, 1993) and 133 hectares 
of mangrove swamps. The gei wais from north to south are numbered as 1 to 24 by 
WWF HK (Fig. 1.5). The gei wais are ecologically important since they contain large 
areas of vegetation, principally mangroves, reedbeds and sedges (Cyperacease) (Reels, 
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Fig. 1.5 Gei wais 1 to 24 at the Mai Po Marshes. 
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1994). The mangrove swamps are the largest stand in the Territory and the sixth 
largest protected stand in China (Fan, 1993; Young, 1995). The mangrove species 
commonly found are Kandelia candel, Avicennia marina, Aegiceras corniculatum and 
Acanthus ilicifolius. Less common are Bruguiera gymnorrhiza and Excoecaria 
agallocha. A clear zonation pattem of mangrove trees can be observed, with 
Avicennia marina growing mainly along the seaward side and Kandelia candel along 
the landward side, while the other species grow in between (Young, 1995). The 
wetlands support a diverse fauna community which includes arboreal, surface 
dwelling, pelagic, benthic and burrowing organisms. Of the total 81 species 
(excluding birds and insects) in Mai Po, 13 invertebrate species are new to 
taxonomists (Lee, 1993) (Table 1.2). Ln summer, the mangrove trees provide a 
nesting ground for several bird species. For example in 1994，over 500 pairs of 
herons and egrets nested in the mangroves of one of the gei wais. The 46 hectares of 
reedbeds present in the gei wais at Mai Po is the largest in Hong Kong and probably 
one of the largest remaining in the coastal provinces of Southern China. The reedbeds 
become a rich feeding habitat for some of the migratory birds in spring and autumn, 
which feed on the insects living on the stems of the reeds. Nearly 400 species of 
insects have been recorded in these reedbeds (Reels, 1994)，with approximately four 
being previously undescribed (Young, 1995; Young and Melville, 1993). Six species 
of sedges have been recorded in the gei wais, three of which have not been recorded 
elsewhere in Hong Kong (Young, 1995). Being good example of how coastal 
wetlands can be managed sustainably, gei wais are of benefits to local communities 
now and in the future. 
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Table 1.2 The 13 new invertebrate species recorded at Mai Po in 1993 (Lee, 1993). 
Class Order Sub-order Species 
Crustacea Decapoda Sesarminae Chiromanthes maipoensis 
Amphipoda Aoridae Grandidierella sp. 
Corophidae Kamaka sp. 
Melitidae Melita sp. 
Victoriopisa sp. 
Talitridae Talorchestia sp. 
Tanaidacea Apseudidae Discapseudes sp. 
Arachnida Acarina Scheloribatidae Dometorina rostrata 
Annelida Oligochaeta Limnodriloides hiforis 
L fraternus 
Rhizodrilus russus 
Mollusca Bivalvia Pseudopythina maipoensis 
Nemertea Procephalothrix orientalis 
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Gei wais are shallow inter-tidal ponds constructed by excavating the earth 
dykes to form bunds which surround the drainage channel and one to several central 
mangrove stands (Fig. 1.6). They support natural and sustainable shrimp production. 
Table 1.3 shows the areas of vegetation of gei wais in the Mai Po Marshes. The 
channel, which is some 1-1.5 m deep, run across the width of the gei wai and through 
a sluice gate to the sea (Plate 1). Over 50% is covered by mangroves (principally 
Kandelia candeT) and/or reedbeds {Phragmites communis). Each gei wai is 1 km long 
and 100 m wide and is approximately 10 hectares in size. A sluice gate, which is 
made up of several pieces of removable wooden sluice boards, is located at the 
seaward side of the enclosure to allow the flooding and draining of the pond by the 
tide water (Plates 2 and 3). Plate 4 shows a typical water channel which allows water 
exchange between Deep Bay and gei wai. 
Mangroves provide important nursery grounds for shrimp and fish larvae 
(Macktintosh, 1983; Roberston and Blaber, 1992). With peak numbers of shrimp 
larvae in August and November in Deep Bay (Leung, 1991)，the gei wais are flushed 
which allow shrimp larvae to enter the ponds which have been dried up in late 
autumn. The shrimp larvae are kept in the pond, where they feed on the organic 
matter and nutrients brought in with the water from Deep Bay and detritus from the 
vegetation stand inside the gei wais (Lee, 1988)，until they grow to marketable size 
after 4-5 months. The shrimp of main commercial importance is Metapenaeus ensis 
(‘Gei wai shrimp') which comprise approximately 54% of the catch (Leung, 1991)， 
but other shrimp species like Penaeus monodon, P. merguiensis, P. penicillatus, 
Metapenaeus affinis, M. burkenroadi, Macrobrachium nipponense and Palaemon 
orientis are also reported Fish like Mugil cephalus (grey mullet), Spariis latus 
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Top-view 
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Fig. 1.6 Schematic diagram of a typical gei wai at the Mai Po Marshes. 
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Table 1.3 Vegetation coverage ofthe various gei wais at the Mai Po Marshes. (World 
Wide Fund Nature Hong Kong) 
Gei wai number Total area (ha) Area of various habitats 
Mangrove (ha) Reed (ha) Open water (ha) 
1 l6A ^ ^ 1 ^ 
2 11.4 0.0 0.0 11.4 
3 9.9 0.8 1.9 7.2 
4 8.3 0.6 2.0 5.7 
5 18.2 0.0 0.0 18.2 
6 9.4 0.9 2.7 5.8 
7 10.7 0.8 4.3 5.6 
8 19.4 0.0 7.0 12.4 
9 1.1 0.0 1.0 0.1 
10 11.2 0.0 4.2 7.0 
11 11.2 0.0 1.9 9.3 
12 11.4 2.9 1.1 7.4 
13 12.2 3.1 1.5 7.6 
14 11.5 0.0 4.2 7.3 
15 6.6 0.0 0.0 6.6 
16 12.2 0.2 1.7 10.3 
17 12.1 1.8 0.2 10.1 
18 11.8 1.1 3.8 6.9 
19 12.9 2.2 1.9 8.8 
20 8.9 0.0 0.0 8.9 
21 9.2 3.1 0.0 6.4 
22 9.7 0.0 0.0 9.7 
23 12.6 0.0 6.6 6.0 
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Plate 3 Top view of a sluice gate. 
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Plate 4 Water channel outside the gei wai allowing water exchange 
between Deep Bay and gei wai. 
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(yellow-fined bream) and Tilapia mossambica (East African tilapia) are also present 
in the shallow ponds (Young and Melville, 1993). 
Gei wai operations follow a distinct flooding and draining pattern, which is 
closely related to changes in the lunar cycles. Gei wai is flooded and drained daily 
during spring tide for a week, when the tidal range is largest, so that as many shrimp 
larvae as possible are carried into the pond from the Deep Bay (Irving and Morton, 
1988). These occur between the first and sixth, and the sixteenth and twentieth days 
ofeach lunar month. The silt deposits at an estimated rate o f l . 7 cm year] in gei wais 
(Lee, 1988). The water flushed from Deep Bay carrying a heavy silt load that every 5 
years or more the main channels in the ponds have to be dredged. The ponds are not 
drained between the eleventh and third lunar months when the juvenile shrimps are 
maturing (kving and Morton, 1988). Harvesting, up to 10 times each month, is 
carried out at low tide in Deep Bay at night when the shrimps are most active, and 
mostly done from the third to the ninth lunar month (mid-April to October). A long 
funnel net is placed in the sluice gate. An average of 16 kg of shrimps can be 
harvested per gei wai each night (Young, 1995). However, a decline in shrimp 
productivity has been reported, which may due to a deterioration in the quality of the 
incoming water from Deep Bay and silting up of the gei wais themselves (Melville et 
al., 1989). During autumn 1994 and 1995, the fish harvest averaged 178 kg per 
hectare for each gei wai, with a maximum of360 kg/liay'year (Young, 1995). 
1.1.2.4 Fishpond aquaculture 
Fish ponds in the Deep Bay catchment area currently comprise some 90% of 
the total of 1,400 hectares fish ponds in Hong Kong (Chu, 1993; Young, 1995). They 
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are intensively managed with artificial stocking of fish fry brought from abroad and 
fed with purchased feeds. Mullets like Mugil cephalus and Liza pescadorensis are the 
main fIsh species grown in the ponds, and often ducks and chickens are also reared on 
the bunds for the additional input of natural manure. Apart from mullets, others fish 
such as carps may also be stocked. Such flshes, grown in monculture, feed on the 
small floating animals and the plankton in the ponds. There is little emergent 
vegetation in actively managed fish ponds but the bunds may be well vegetated with 
grasses and herbs to provide habitats for a variety of wildlife (Chu, 1993). The ponds 
are usually drained once every winter to facilitate harvesting of fish. The ponds 
remain drained down for 1-2 weeks and allow sun drying, during which maintenance 
works, like excavation of channels, can be carried out. Drying up of bottom 
sediments is to cleanse the ponds and to kill the bacteria and parasites which could 
harm the subsequent fish stocks. Lime is usually applied to the pond bottom before 
reflooding in spring to neutralize the acidification effect on the pond water resulted 
from the acid sulphate generated in the bottom sediments (L:ving and Morton, 1988). 
The importance of fish ponds for birds such as herons and egrets was 
identified. Due to oxygen depletion in the water in the early mornings, the fIsh in the 
ponds come up to the surface making them more available to predation by fish-eating 
birds, such as Chinese pond herons {Ardeola bacchus) and little egrets {Egretta 
garazetta), wandering around the pond edge (Britton, 1991; Young, 1994b; Young, 
1995; Young and Melville, 1993). Ln winter, the fIsh ponds are drained for harvesting 
during which they become an important feeding ground for piscivorous birds. Preys, 
in particular the small fish {Gambusia affinis) and shrimp {Macrobrachium 
nipponense), become more vulnerable as the water level falls and an average of 360 
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egrets can gather in a single drained fish pond to feed (Young, 1995; Young and 
Melville, 1993). Chinese common otter {Lutra lutre chinensis) may also be attracted 
to these�ponds ince their footprints have been found by the pools of water (Young, 
1995). Other mammals recorded from the Mai Po Marshes and adjacent areas include 
the pangolin {Manispentadactyle), seven-banded civet cat {Viverricula indica), lesser 
ricefield rat {Rattus rattoides exiguus), crab-eating mongoose {Herpestus urva), house 
shrew (Sucus murinus), and chinese leopard cat {Felis bengalensis) (Young, 1995). 
Species diversity at Mai Po is shown in Table 1.4. 
1.1.3 Pollution sources and impacts 
The Marshes and mudflats are under increasing pressure from environmental 
pollution and human disturbance. On the seaward side, the water quality ofDeep Bay 
is deteriorating due to the increasing pollution loads from the Pearl River, Shenzhen 
River, Yuen Long Creek and Kam Tin River. Table 1.5 illustrates the water quality of 
Yuen Long Creek and Kam Tin River in 1992, 1993 and 1994. Seventy-five percent 
of the total pollution load from the Shenzhen River and the Yuen Long-Kam Tin 
catchments entered directly into inner subzone, the most environmentally significant 
body of Deep Bay (Anonymous, 1988a). The sources of pollution loading into Deep 
Bay are shown in Table 1.6. A number of studies have been carried out in recent 
years with respect to the continuously growing stress of pollution in Mai Po and Deep 
Bay(Tablel.7). 
Economic development on both sides of the Shenzhen River results in growing 
discharge of industrial pollutants which progressively deteriorate water quality. Major 
industries of the Shenzhen SEZ are electronics, machinery, garments, pharmaceuticals 
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Table 1.4 Species diversity at the Mai Po Marshes (Young, 1995). 
Group Number of species Percentage of Hong Kong (%) 
Plants 138 5 
Mammals 17 37 
Birds 320 72 
Frogs and snakes 27 28 
Butterflies 53 14 
Dragonflies 44 44 
Reedbed invertebrates 400 NA 
Mudflat invertebrates 80 NA 
NA denotes not available. 
Table 1.5 Water quality of Yuen Long Creek and Kam Tin River from 1992 to 1994 
(Hong Kong Environmental Protection Department, 1993a, 1994a and 1995a). 
Parameter Yuen Long Creek Kam Tin River  
1992 1993 1994 1992 1993 1994 
pH 6.0-8.9 6.5-7.7 6.4-7.7 6.2-7.5 6.6-7.4 6.7-7.6 
Dissolved oxygen 0.3-9.6 0.1-8.4 0.1-6.4 0.6-2.2 0.1-3.2 0.1-6.6 
BOD5 36-1200 4-1300 4-810 36-1600 7-130 5-220 
Ammoniacal 4.32-99.2 0.05-166 3.14-107 8.83-74.3 0.03-57.1 0.73-55.9 
nitrogen 
Total suspended 17-2800 18-780 20-2000 5-7600 9-520 17-430 
solids 
Values, except for pH, are in mg 1". 
Data presented are the ranges of monthly samples. 
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Table 1.6 Sources of pollution loading into Deep Bay in terms of biochemical oxygen 
demand (EPA, 1985). 
Sources ofpollution loading (kg BOD day") 
Domestic Agricultural Mustrial Total 
Hong Kong 13,000 (21%) 47,000 (75%) 2,600 (4%) 62,600 (100%) 
Shenzhen SEZ 6,000 (78%) 1,100 (14%) 600 (8%) 7,700 (100%) 
Table 1.7 Studies concerning the pollution aspects of the Mai Po Marshes and Deep Bay. 
Projects References 
The incidence of fecal bacteria in the tissues of the commercial oyster (Leung et aL, 
Crassostrea gigas Thunberg 1793 correlated with the hydrology of 1975) 
Deep Bay, Hong Kong. 
Trace metals of toxicological significance to man in Hong Kong (Phillips et 
seafood. al； 1982b) 
The population dynamic of Metapenseus ensis (Penaeidae) and (Leung, 1991) 
Exopalaemon styliferus (Palaemonidae) in a traditional tidal shrimp 
pond at the Mai Po Marshes Nature Reserve, Hong Kong. 
Comparative studies of water quality in two brackish ponds for (Wong et al., 
shrimp cultivation in a salt marsh. 1992) 
An assessment of the water pollution status of the Mai Po Marshes (Chiu, 1992) 
Nature Reserve, Hong Kong. 
Microbiological studies of shellfish and water quality in Deep Bay, (Kueh, 1992) 
Hong Kong. 
To monitor the heavy metal content in the polychaeta Dendronereis (Tsang, 1993) 
pinnaticirrus in Mai Po mudflat. 
Effects of eutrophication on the Mai Po Marshes Nature Reserve. (Cha, 1995) 
Development ofbacteriological water quality objectives for shellfish- (Ho and Tam, 
growing waters: an interim report. 1995) 
Determination ofthe heavy metal concentration in Metapenaeopsis (Cheung et 
ensis, Eriocheir chinensis and sediment from four Mai Po gei wais (8， al, 1996) 
11，16/17，19). 
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and textiles. Water flows in the Shenzhen River are dominated by direct runoff. At 
times of low flows the quantity of sewage frequently exceeds the natural flows. The 
flushing is further reduced as the middle and downstream reaches are tidal. Except 
during flood flows, the retention time of pollutants entering the tidal sections of the 
river is believed to be 2-7 days, making the situation even worse (Anonymous, 1994). 
The 60 km long watercourse of Yuen Long Creek with a catchment area of , 
26.7 km begins at Tai Lam Country Park and passes through Yuen Long new town as 
a 12 km long open nullah before entering inner Deep Bay. Ln 1994, high annual 
median BOD5 (five-day biochemical oxygen demand) of over 100 mg 1'^  and low 
annual median dissolved oxygen level of not greater than 2 mg 1'^  were recorded in the 
water samples from Yuen Long Creek (Hong Kong Environmental Protection 
Department, 1995a)，indicating heavy organic pollution. Textile, food processing, 
bleaching, paper manufacturing, laundries, steel and dyeing industry are examples of 
developed industries in the Yuen Long Industrial Estate. Yuen Long Creek receives 
industrial effluents and domestic sewage after treatment at the Yuen Long Sewage 
Works. Heavy metals in the wastewater, however, still find their way to the river 
since the treatment plant only focuses on the primary and secondary processes but not 
heavy metals specifically, hi addition, the urban developments such as the Fairview 
Park and Palm Spring in no doubt create pollution impacts to the Marshes. The 
sewage treatment works of the Fairview Park fails to provide adequate treatment 
(Hong Kong Planning Department, 1994)，and has become a source of pollutants to 
the Mai Po Marshes. 
Deep Bay, especially the inner subzone, has been claimed as one of the most 
polluted water bodies over Hong Kong in terms of bacteria and nutrient loads due to 
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the discharges of domestic sewage, agricultural wastes derived from livestock rearing, 
and industrial effluents into the catchment areas (Hong Kong Environmental 
Protection Department, 1995b). Of these, the largest source of pollution is untreated 
domestic sewage and livestock wastewater discharged via Shenzhen River 
(Anonymous, 1994). 
Water quality in Deep Bay is so poor that it suffers from regular and severe 
oxygen depletion (Table 1.8). Li 1986-87, two-thirds of the water samples taken from 
inner Deep Bay had dissolved oxygen (DO) level less than 50% saturation and, of 
these, half showed less than 10% saturation (Young and Melville, 1993). In 1994，the 
levels of total inorganic nitrogen in the inner Deep Bay recorded a maximum of 8.00 
mg 1], and did not differ much from those in previous years which markedly exceeded 
the Water Quality Objectives (WQOs) of 0.7 mg 1"^  (Table 1.9), whereas the 
chlorophyll a contents showed a peak of 21 x 10^  mg 1"^  (Hong Kong Environmental 
Protection Department, 1995c). As high as 3.7 mg 1"^  BOD5 levels was recorded in 
1994，which are indicative of the extent of organic pollution in the water bodies 
(Hong Kong Environmental Protection Department, 1995c). High incidence of fecal 
contamination in Deep Bay was also recorded (Hong Kong Environmental Protection 
Department, 1995c)，and may constitute a health risk because the oysters at Lau Fau 
Shan were frequently found to be contaminated with fecal bacteria (Leung et al., 
1975). The sediments in the inner Deep Bay were considered as highly contaminated 
by nutrients and heavy metals (Hong Kong Environmental Protection Department, 
1995c) (Table 1.10). The contents of heavy metals of sediments in Deep Bay were 
comparable to or higher than other studies (Table 1.11). 
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Table 1.8 Water quality of inner Deep Bay in 1994 (Hong Kong Environmental 
Protection Department, 1995c). 
Parameter bmer Deep Bay 
pH 7.0-8.3 
Dissolved oxygen of surface water (% saturation) 35-112 
BODs 0.3-3.7 
Ammoniacal nitrogen 0.02-7.58 
Orthophosphate phosphorus 0.02-0.61 
Total suspended solids 4.4-85 
Values, except for pH and dissolved oxygen, are in mg \ ' \ 
Except as specified, data presented are the ranges ofdepth-averaged samples. 
Table 1.9 Water Quality Objectives (WQOs) for Deep Bay Water Control Zone (Cap. 358). 
Parameter Objectives 
pH 6.5-8.5, change < 0.2 units 
Dissolved oxygen (lm below surface) > 4 mg 1"^  for 90% samples 
Dissolved oxygen (depth average) > 4 mg 1] for 90% samples 
BOD5 < 5 mg 1-1 
Diorganic nitrogen (depth average) annual mean < 0.7 mg 1"^  
Inorganic phosphorus (depth average) annual mean < 0.5 mg 1] 
Total suspended solids < 20 mg 1] 
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Table 1.10 Sediment contamination levels in various locations in Hong Kong (Hong Kong 
Environmental Protection Department, 1995c). 
Total content bmer Deep Bay Victoria Harbour Tolo Harbour 
Nutrients 
Nitrogen 500-699 0-499 300-499 
Phosphorus > 350 ^ 199 ^ 199 
Metals 
Chromium 25-49 >25 ^ 2 4 
Copper 55-64 > 65 20-54 
Lead 35-64 <74 ^35 
Mercury <0.04 >0.14 <0.04 
Nickel 20-34 >20 ^ 19 
Zinc 150-199 0-> 200 75-199 
Values are in mg kg' dry weight. 
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Table 1.11 Total heavy metal contents in sediments at some selected stations from other studies. 
Location Metal concentrations Features References 
Cu Zn Ni 
Inner Deep Bay, 55-64 150-199 20-34 Domestic, (Hong Kong 
Hong Kong agricultural and Environmental 
industrial effluent Protection Department, 
1995c) 
Sai Keng Mangrove 1-31 17-147 NA Clean (Tam and Wong, 
Swamp, Hong Kong 1995a) 
Brisbane Mangrove, 3-30 41-144 NA Urban and (MackeyeM/., 1992) 
Australia industrial discharge 
Kishon River, 22-475 81-981 51-53 Industrial discharge (Cohen etal, 1993) 
Israel 
Mangrove, 30-80 142-190 NA - (Harbison, 1986) 
South Australia 
Saudi Mangrove, 0.1-4 2-17 NA - (Sadiq and Zaidi, 
Arabian Gulf 1994) 
Values are in mg kg' dry weight. 
Data presented are the ranges of the samples. 
NA denotes not available. 
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Heavy metals like cadmium and mercury were enriched in a variety of seafood 
particularly oysters {Crassostrea gigas) cultured in Deep Bay (Phillips et aL, 1982 a 
and b). Li 1986, 10% of the oysters samples from Deep Bay had cadmium ranging 
from 2.1 to 2.4 mg kg'^  (wet weight)，which exceeded the permissible limit of 2 mg 
kg-i for human consumption (Anonymous, 1988b). Barnacles (Chiu, 1992)，and the 
polychaete worm Dendronereis pinnaticirrus, which is an important food for birds 
feeding on the mudflat (Tsang, 1993)，were identified with raised levels of zinc and 
iron. Chan (1991) reported that the levels of cadmium, chromium and lead in the 
muscles of fish Oreochromis mossambicus and shrimp Coutierella tonkinensis in Mai 
Po were within the permitted limits by the Hong Kong Government. The maximum 
zinc content of shrimp was recorded at a safety level of 23 mg kg"^ while 66 mg kg"^  
was obtained in crab (Cheung et al., 1996), which was higher than the recommended 
limit of zinc uptake of 50 mg kg] (wet weight) by human by the Ministry of 
Agriculture, Fisheries and Food (MAFF), United Kingdom fRainbow, 1986). 
A significant concentration of some organic pollutants, such as alpha-BHC and 
gamma-BHC, were also identified in the water and sediments from Deep Bay 
(Anonymous, 1988b). DDE, which is a metabolite ofDDT degradation has also been 
detected (Anonymous, 1988b). t i addition, waste disposal sites such as the Tsang 
Tsui Pulverized Fuel Ash (PFA) Lagoons and the Westem New Territories (WENT) 
Landfill produce toxic discharge and leachate which enter Deep Bay. 
Pollutants discharged to inner Deep Bay are trapped and can be retained for a 
relatively long period of time (up to 15 days) before being dispersed by tidal flushing 
(Hong Kong Environmental Protection Department, 1986). This is due to complex 
hydrographic conditions caused by slow hydro-circulation in the shallow Deep Bay, 
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ineffective tidal mixing of semi-diurnal inequalities of the tides, influences of the 
Pearl River estuary, and seasonal variations in river runoff, offshore currents and 
water regimes (Anonymous, 1994). During flood tide, water from the Pearl River 
Estuary flows back into inner Deep Bay, constituting the major source of water 
pollution to the Marshes. The polluted water flushes into the Marshes through several 
water channels which dissect the mangrove forests. These channels allow water 
exchange between Deep Bay and the gei wais. Chiu (1992) reported that organic 
pollution at the Mai Po Marshes was becoming significant, and the shrimp 
productivity of the gei wais was threatened. Licreasing water pollution in Deep Bay is 
one of the main factors for the decline of the gei wai farming, since the total number 
of shrimp larvae to stock the gei wais were reduced, and the shrimp growth was 
affected by the declined water quality (Young, 1995). The amphipod Grandiderella 
species was absent from the more polluted areas, so as the shrimp Exopalaemon 
styliferus (Chiu, 1992). The water quality deteriorates to such an extent that it has 
reached its capacity in absorbing any further increase in pollution loads. 
On the landward side, Mai Po is seriously affected by filling in of fish ponds 
for urban expansion and pollution from residential and industrial developments in the 
Yuen Long Plain. Twenty-eight development projects identified in 1990-1994 in the 
Deep Bay catchment will definitely increase the impedance over the area from water 
pollution and habitat disturbance (Anonymous, 1988c). The stress on Mai Po may be 
further enhanced if the proposed development of residential building at Nam Sang 
Wai, which is to the south of Mai Po, was approved. Certainly, the existence of this 
valuable coastal wetland in Mai Po was severely threatened. 
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1.2 SELF-PURIFICATION CAPABILITY OF WETLAND 
ECOSYSTEMS 
1.2.1 Principles and mechanisms 
Natural wetlands have been found to be effective wastewater purifier. Natural 
wetland systems for wastewater management differ from conventional systems in 
terms of the sources of energy. Li conventional wastewater treatment systems, 
nonrenewable fossil fuel energies predominate in the treatment process, while natural 
systems rely largely on naturally occurring, biological transformations of pollutants. 
Because of the power intensity in conventional treatment systems, the physical space 
required is reduced considerably compared to the same processes in the natural 
environment. Natural treatment systems rely on renewable, naturally occurring 
energies, including solar radiation, the kinetic energy of wind, the chemical-free 
energy ofrainwater, surface water and groundwater, and storage of potential energy in 
biomass and soils (Kadlec and Knight, 1996a). Natural systems are land intensive, 
while conventional systems are energy intensive. 
The role of wetlands for improving water quality has been recognized as one 
of the most important values of these systems (Clough et al., 1983; Mitsch and 
Gosselink, 1993a). Wetlands, under favorable conditions, have been shown to 
remove organic and inorganic nutrients and toxic materials from water that flows 
across them. A number of studies have demonstrated the ability of natural wetlands in 
removing suspended solids and nutrients, particularly nitrogen and phosphorus, from 
domestic wastewater (Godfrey et al., 1985; Knight，1990; Nichols et al., 1991). It is 
well documented that mangroves and reeds are efficient filters for water-bome 
pollutants (Clough and Attiwill, 1982; Clough, et al., 1983; Cooper and Hobson, 
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1989; Gersberg et al., 1986; Hammer, 1993), and that mangrove sediment has a high 
capacity in trapping nutrients (Cohen et al, 1993; Robertson and Phillips, 1995; Tam 
and Wong, 1994 and 1995b). Sediment nutrients may represent 94-99% of the total 
nutrients in the system (Kadlec, 1987a). Some practical wastewater treatment 
applications using wetland ecosystems as natural water purifier have been reported 
(Brix et aL, 1989; Cooke, 1994; Findlater et al., 1990; Lienard et al., 1990; Watson et 
al., 1990). 
Wetlands provide effective and free treatment for many types of water 
pollutants (Table 1.12). Wetlands can effectively remove or convert large quantities 
of pollutants including organic matter, suspended solids, metals and nutrients from 
point sources (municipal and certain industrial wastewater effluents) and nonpoint 
sources (mine, agricultural, and urban runoff). Natural filtration, sedimentation, and 
other processes help purify the polluted water. Pollutants are physically or chemically 
immobilized. Chemical reactions and biological decomposition break down complex 
compounds into simpler substances. Through absorption and assimilation, wetland 
plants remove nutrients for the production of their biomass. The oxygen the plants 
produced increases the dissolved oxygen content of the water and that of the soil in 
the immediate vicinity of plant roots. This increases the capacity of the system for 
aerobic bacterial decomposition of pollutants as well as its capacity for supporting a 
wide range of aerobic aquatic organisms, some of which directly or indirectly take up 
additional pollutants. 
In essence, the water purification functions of wetlands are dependent upon 
four principal components: vegetation, water column, substrates, and microbial 
populations (Hammer, 1993). The principal role of vegetation in wetland systems is 
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Table 1.12 Mechanisms of pollutant removal in wetlands (Brix, 1993; Watson et al., 
1989). 
Pollutants Removal mechanisms 
BOD Microbial degradation (aerobic and anaerobic) 
Sedimentation 
Nitrogen Anmonification followed by microbial nitrification and denitriflcation 
, Ammonia volatilization 
Plant uptake 
Phosphorus Precipitation and adsorption 
Plant uptake 
Total suspended Sedimentation 
solids Filtration 





to create additional environments for the microbial populations. The stems and leaves 
ofthe plants in the water column block the water flow, and thus facilitating the rate of 
sedimentation, and provide substantial surface area for the attachment of microbial 
cells (Gersberg et aL, 1986; Hammer，1992; Watson et al., 1989). Reed {Phragmites), 
cattails {Typhd), blackrush {Juncus), sedges (Carex), duckweed {Lemna) and water 
hyacinth {Eichhornia) are commonly found in natural and constructed wetlands, but 
their composition vary from one to another. 
Wetlands exert various influences on chemicals that flow through them, 
whether the chemicals are naturally added or artificially applied to result in water 
quality improvement (Sather and Smith, 1984). A reduction in velocity of water 
entering wetlands causes pollutants to be sorbed on to sediments and removed from 
the water column. A variety of anaerobic and aerobic processes in close proximity 
promote denitrification, chemical precipitation and other chemical reactions that 
remove certain chemicals from the water. The high productivity rate of wetlands led 
to high rates of mineral uptake by vegetation and subsequent burial in sediments when 
the plants die. A diversity of decomposer and decomposition processes occur in 
wetland sediments. The shallowness of the system allows significant sediment-water 
exchange because of the high contact of water with sediments. 
Many wetland plants use ammonia as a nitrogen source and are nitrogen-
limited. Adequate amounts of ammonia in wastewater systems will alleviate this 
limitation, enhancing other nutrient uptake functions. Nitrogen transformation in 
wetland sediments is a complex assortment of microbially mediated processes and is 
strongly influenced by the redox status of the sediment (Faulkner and Richardson, 
1989). In both reduced and oxidized sediments, organic nitrogen is mineralized to 
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ammonium ion. In the reduced layer, ammonium ion is stable and may be adsorbed to 
exchange sites on sediment or used by both plants and microbes. The thin, oxidized 
layer in flooded sediments is important in nitrogen transformation because ammonium 
ion is oxidized to nitrate by chemoautotrophic bacteria (nitrifIers) in this layer. 
Depletion of ammonium ion in the upper, oxidized layer causes ammonium ion to 
diffuse upward in response to the concentration gradient. This diffusion process may 
be effective from 4 to 12 cm deep (Chen et al., 1972; Reddy et al., 1976). Nitrogen 
assimilation, a variety of biological processes converting inorganic nitrogen into 
organic compounds that serve as building blocks for cells and tissues, contribute to the 
nitrogen removal in wetland ecosystems (Kadlec and Knight, 1996b). Ammonia 
volatilization may account for some removal of nitrogen in a wetland system, 
especially in water with a pH >8 (Reddy, 1983; Reddy and DeBusk, 1985), This high 
pH can be attained if photosynthesis occurs, in which carbon dioxide in water was 
used up and thus raising pH. Loss due to ammonia volatilization has been shown to 
be important removal mechanism when organic soils were flooded with wastewater 
(DeBusk and Reddy, 1987; Reddy and Graetz, 1981). The nitrate nitrogen in the 
polluted water was suggested to be lost from the wetland systems mainly through 
denitrification (Gale et al., 1993; Gersberg et al, 1983; Reddy, 1983). For a water 
hyacinth system receiving secondary sewage effluent, 40 to 92% of the input nitrogen 
was estimated to be lost through denitrification (Debusk et aL, 1983). Nitrogen 
removal can also be accounted for by the assimilation and sedimentation of organic 
matter (Jenssen et al., 1994). 
The phosphorus cycle is fluidamentally different from the nitrogen cycle since 
there are no valency changes during biotic assimilation of inorganic phosphorus or 
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during decomposition of organic phosphorus by microorganisms (Richardson and 
Craft, 1993). Phosphorus removal mechanisms suggested in wetland systems were 
sedimentation, precipitation and complexation reactions, immobilization in the 
detritus plant tissue, uptake by the wetland plants, and adsorption by the underlying 
sediment (Krom and Bemer, 1995; Patrick, 1994; Reddy and Sutton, 1984; 
Richardson, 1985; Richardson and Davis, 1987). Phosphorus has no gaseous phase, 
and has a major geochemical cycle (Stevenson, 1986). Soil phosphorus primarily 
occurs in the +5 (oxidized) valency state, because all lower oxidation states are 
thermodynamically unstable and are readily oxidized to phosphorus even in highly 
reduced wetland sediments (Lindsay, 1979). Liorganic phosphorus transformation, 
subsequent complexing, and retention in wetland soils are controlled by the 
interaction of redox potential, pH, Fe, A1, and Ca minerals, and the amount of native 
sediment phosphorus. In acidic sediments, inorganic phosphorus is adsorbed on to 
hydrous oxides of Fe and A1 and may precipitate as insoluble Fe-phosphates and A1-
phosphates (Alongi et al., 1992). Precipitation as insoluble Ca-phosphates is the 
dominant transformation at pH greater than 7.0 (Lindsay, 1979; Reddy, 1983; 
Stevenson, 1986). Soluble reactive phosphate is readily assimilated by bacteria, algae 
and higher plants, including mangroves (Alongi et aL, 1992). Phosphate was 
documented to be immobilized in sediments (Boto and Wellington, 1988; Kadlec, 
1994a). The capacity of mangrove sediment in general to immobilize phosphate 
depends on the amount of organic matter, its carbon:phosphorus ratio, and the type 
and amount of clay minerals present (Alongi et al., 1992). 
( The suspended solids in wastewater can be purified by the combined action of 
physical, chemical and biological processes such as sedimentation and consumption 
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by microorganisms associated with the stems of the macrophytes (Maeseneer et al., 
1982). Metals are trapped by wetlands via a number of mechanisms, including plant 
uptake, cation exchange with the soils，precipitation as sulfides, and particulate 
settling (Kadlec, 1994b). 
The reduction of pathogens, like fecal coliforms and fecal streptococci, in 
water may be attributed to filtration and sedimentation of suspended matter on which 
the organisms are adsorbed, predatory activities of bacterial feeders, dilution through 
heavy rains and natural die-off with time (Gersberg et al., 1987; Iqbal et al., 1995; 
Lee, 1995; Watson et al., 1990). Wetland treatment systems provide some 
disinfection as the water retained in the system for residence times greater than 10 
days (Kadlec and Knight, 1996b). Vegetated wetlands appear to be more effective in 
pathogen removal than other natural treatment systems that have less physical contact 
between pathogens and solid surfaces (Kadlec and Knight, 1996b). 
1.2.2 Treatment efficiency 
The species composition, age and density of plant (Davies et al., 1990; Kadlec, 
1987b; Radoux and Kemp, 1990)，climatic conditions, loading rates and regime, the 
size and configuration of the wetlands, and the type and composition of wastewater 
vary considerably between sites (Brix, 1994; Haberl and PerfIer, 1990; Reddy and 
DeBusk, 1987) (Table 1.13)，and should be taken into consideration in the application 
of wetlands in water purification. The performance in nitrogen and phosphorus 
removal of floating，emergent, and submerged aquatic macrophytes was compared 
that the floating aquatic plants generally removed the most nitrogen in terms of mass 
balance (Reddy, 1983). It has been demonstrated that reeds had higher BOD5 removal 
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Table 1.13 Factors affecting the treatment efficiency of pollutants by natural and 
artificial wetlands (Brix, 1994; Davies et al., 1990; Haberl and Perfler, 1990; Kadlec, 
1987b; Radoux and Kemp, 1990; Reddy and DeBusk, 1987; Steiner and Freeman, 
1989). 
Factor Description 
Nature ofpolluted water Domestic, agricultural or industrial source 
Organic or inorganic 
Flow pattem Surface or subsurface flow 
Configuration Size, shape, depth, length-to-width ratio and slope 
Substrate Type and particle size 
Vegetation Species composition, age and density 
Detention time Hydraulic loading and area 
Climate Temperature and rainfall 
Table 1.14 Nutrient removal potential of various wetland plant species in a wetland 
treatment system (Reddy and DeBusk, 1987). 
Species Nitrogen Phosphorus 
Loading Uptake Loading Uptake 
(kg ha^) (lcgha-iyear-i) (kgha]) (kgha'^year"^) 
Typha sp. 250-1560 600-2630 45-375 75-403 
Junus sp. 200-300 800 40 110 
Scripus sp. 175-530 125 40-110 18 
Phragmites sp. 140-430 225 14-53 35 
Eichhornia sp. 300-900 1950-5850 60-180 350-1125 
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rates compared to cattails, but reeds accounted only for one third of chemical oxygen 
demand removal rate of cattails (Davies et al., 1990). Table 1.14 shows the nutrient 
removal potential of various plant species in a wetland treatment system. Nutrient 
assimilation by wetland plants is a flmction of several factors, including growth rate, 
standing crop, tissue nutrient content, and physico-chemical characteristics of 
sediment and water (Reddy and DeBusk, 1987). The influences of seasonality on the 
removal efficiency of various pollutants were well reported (Bavor et al., 1989; Brix 
and Schierup, 1989; Drizo et aL, 1997; Hosomi et al., 1994; Kadlec et al., 1997; 
Wolstenholme and Bayes, 1990)，of which the effects on chemical oxygen demand, 
total suspended solids, fecal coliforms and fecal streptococci, are most apparent 
(Mandi, 1994). Since purification processes are microbiologically mediated, the 
performance was poorest in winter (Hosomi et al., 1994). With respect to retention 
times, it appears that the removal efficiency of pollutants in wetland systems increased 
with an increase in residence time (Reddy and Sutton, 1984; Tanner et aL, 1995a). 
Polluted water flowing through a wetland system in slow rate should outperform in 
terms of pollutant reduction (Upton and Griggin, 1990). Water level in the wetland 
system is suggested to be of great important to nitrification (Willadsen et al., 1990). 
Ammonia removal in a sewage purification wetland was found to increase with an 
increase in the loading rate CVymazal, 1990; Winchester et al., 1987; Wolstenholme 
and Bayes, 1990), However, the performance in pollutant removal was shown to drop 
as the maximum loading rate was encountered, but this varied from site to site O^pton 
and Griggin, 1990). The influence of pond geometry and configuration on the 
performance of wetlands in wastewater treatment was indicated (Steiner and Freeman, 
1989; Wood, 1990). The purification rate is also dependent upon the rate of water 
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flow, the dilution of polluted water with clean tributary water (Dojlido and Best, 
1993a) and the degree of pretreatment (Kadlec and Knight, 1996a). 
The presence of vegetation has been shown to be important in nutrient removal 
in wetland systems. Plant uptake only accounts for 12 to 16% of nitrogen loss by the 
removal mechanism of nitrification (Gersberg et al., 1986). However, it was 
suggested that plants could account for as much as 60% of the nitrogen loss if 
underground biomass of plants was taken in the calculation (Rogers et al., 1991). It 
was reported that plant uptake accounts for 16 to 75% of total nitrogen removal and 
12 to 73% of total phosphorus removal (Reddy and DeBusk, 1987). t i constructed 
wetlands, the planted systems showed greater overall removal of nitrogen and 
phosphorus from wastewater than unplanted ones (Drizo et al., 1997; Rogers et al., 
1991; Tanner et aL, 1995b). It is shown that removal of total suspended solids and 
fecal coliforms was similar for both planted and unplanted systems, but removal of 
total BOD at high loadings was significantly improved in the former (Tanner et al., 
1995a). Li a constructed wetland for the treatment of dairy farm wastewaters, the 
removal rates for a period of7 days of carbonaceous BOD5, total suspended solids and 
fecal coliforms were 60-92%, 75-85% and 90-99%, respectively (Tanner et al., 
1995a). The removal rates of inorganic nitrogen and total nitrogen in a constructed 
wetland for domestic wastewater treatment were 82% and 78% respectively (Laber et 
al., 1997). Danish constructed reed bed systems showed removal efficiencies greater 
than 75% for BOD5, about 30% for total nitrogen and about 30% for total phosphorus 
(Schiemp et al,, 1990). All these examples showed the capability and efficiency of 
artificial wetland systems in assimilation and purification of polluted water. The 
removal efficiencies of pollutants for natural wetlands were also identified and it was 
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comparable to those of artificial wetlands (Table 1.15). Excellent trace metal 
removals have been demonstrated by pilot tests in wetlands at Santee, California, with 
municipal wastewater and at numerous constructed wetlands treating acid drainage 
(Hammer, 1989; WPCF, 1990). Significant removals of chromium (68%), copper 
(31%), lead (88%), nickel (20%), and zinc (33%) were obtained in wetlands which 
treated stormwater in the Fremont, California (Meiorin, 1989). 
1.3 OBJECTIVES AND OUTLINES OF THE PRESENT STUDY 
The environmental quality of the Mai Po Marshes is threatened by the-
increasing pollution loading of the Deep Bay. This has reduced productivity ofthe gei 
wais in the Mai Po Marshes. However, gei wai, with its enclosed vegetation and 
associated microorganisms may be used for water purification to cope with the 
growing pollution level. The objectives of present study are to identify the major 
pollutants and assess the pollution status of the Mai Po Marshes Nature Reserve in the 
vegetated mudflats and nearby waterways which drain the gei wais. The degree of 
pollution was assessed by examining the water samples in terms of physical, chemical 
and microbiological parameters, as well as the sediments in terms of physical and 
chemical properties. Spatial variations of pollution were studied to identify the 
potential sources of contamination. Seasonal fluctuations of the pollution level in Mai 
Po Marshes were determined for samples of water and sediment collected in spring, 
summer，autumn and winter of the year. Vertical differences in contaminant levels of 
sediment core were also examined to check whether there is increased pollution 
loadings in Mai Po in recent years. 
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Table 1.15 Typical removal efficiencies (%) of pollutants for natural and artificial 
wetlands (Trattner and Woods, 1989). 
Pollutants Natural wetland Artificial wetland 
BOD 70-96 50-90 
Nitrogen 40-90 30-98 
Phosphorus 10-50 20-90 
Total suspended solids 60-90 NA 
NA denotes not available. 
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Because of the high concentrations of contaminants in the sediments, the 
behaviour of contaminants in sediments from a shrimp-growing gei wai under various 
environmental conditions (drying and different salinity and temperature) was 
investigated in order to assess the mobilization potential of contaminants. The 
biological impacts of contaminants on the biological life were examined by bioassays 
using Microtox, alga and amphipod. 
The improvement of the quality of water (assimilative potential), nutrients and 
fecal bacteria in particular, after being retained in the gei wais was examined. The 
temporal differences in assimilative potential of the gei wais were studied by 
analyzing samples in summer and winter. 
Understanding on the pollution level in the Mai Po Marshes allows specific 
action plans to be translated for the protection of the Marshes. The assimilative 
capability, if verified, can improve the quality of water in the Mai Po Marshes and 
conserve the wetlands and their associated fauna and flora. 
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CHAPTER 2 WATER QUALITY OF THE MAI Po MARSHES 
NATURE RESERVE 
2.1 INTRODUCTION 
The Mai Po Marshes Nature Reserve (22^30'N, 114^2'E), which is located at 
the eastem shoreline of Deep Bay, occupies an area of 381 hectares (Fig. 2.1). It is 
the largest remaining wetland area in Hong Kong. It is internationally significant and 
it has been designated as a ‘Site of Special Scientific Merest，with great biological 
and conservation value. From Deep Bay landwards, the Marshes contain a diversity 
of wetland habitats in sequence, namely inter-tidal mudflats, mangrove forests, gei 
wais and freshwater fish ponds. 
The Mai Po Marshes bordering Deep Bay was subject to tidal variations of 
water from the bay. The water quality of Deep Bay is deteriorating due to the. 
increasing pollution loads from the Pearl River, Shenzhen River, Yuen Long Creek 
and Kam Tin River. Li 1992, the BOD loading of water entering Deep Bay from the 
Shenzhen side was estimated to be 19,900 kg per day, of which was 59% from 
commercial and 39% from domestic sources (Anonymous, 1994). bi 1994，BOD 
loading as high as 6,500 and 8,800 kg per day was reported in water from Yuen Long 
Creek and Kam Tin River respectively (Hong Kong Environmental Protection 
Department, 1995a). Heavy organic pollution of the Yuen Long Creek was evident 
from the high median BOD5 exceeding 100 mg 1"^  and low annual median dissolved 
oxygen level of not greater than 2 mg 1"^  (Hong Kong Environmental Protection 
Department, 1995a). Deep Bay waters were also polluted with heavy loading of 
bacteria and nutrients because of the continual discharges of domestic sewage, 
agricultural wastes and industrial effluents (Hong Kong Environmental Protection 
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Fig. 2.1 Location o f the Mai Po Marshes Nature Reserve, Hong Kong. 
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Department, 1995c). The natural purification and cleansing ability was greatly 
exceeded and resulted in poor water quality of Deep Bay. This is evident by the fact 
that a variety of seafood particularly oysters Crassostrea gigas cultured in Deep Bay 
were enriched with heavy metals like cadmium and mercury, with concentrations up 
to 5.4 mg kg-i and 1.26 mg kg'^ wet weight respectively (Phillips et al., 1982b). Li 
1986，10% of the oysters samples from Deep Bay had cadmium ranging from 2.1 to 
2.4 mg kg-i wet weight, which exceeded the permissible limit of 2 mg kg"^  for human 
consumption (Anonymous, 1988b). Marked fecal contamination of the cultured 
Crassostrea gigas from the oyster culture rafts in Deep Bay was identified in a study 
carried out in 1973，in summer in particular, with a level of Escherichia coli of 4.7 to 
12 cells per ml tissue (Leung et aL, 1975). A recent study carried out in 1993 and 
1994 indicated that Escherichia coli in the oyster tissue in inner Deep Bay averaged 
as high as 10^ per 100 g (Ho and Tam, 1995). Pathogenic organisms like Salmonella 
and Vibrio were found in the oyster tissue, imposing a potential health risk (Ho and 
Tam, 1995; Kueh, 1992). The pollution in the Deep Bay area definitely poses marked 
impacts on the oyster culture business. Lti a incident of red tide in February 1986， 
50% of the oysters cultured in the rafts were wiped out (Zhang et al., 1994). Apart 
from the increased level of pollution inputs，slow hydro-circulation and ineffective 
tidal mixing of Deep Bay further augment the problem. The relatively limited 
dispersive capacity of inner Deep Bay exacerbates the extent ofpollution by retaining 
pollutants discharged to inner Deep Bay for a relatively long period of time (up to 15 
days) before being dispersed by tidal flushing (Hong Kong Environmental Protection 
Department, 1986). The waters of inner Deep Bay are expected to be more severely 
polluted as the impacts from the urban and industrial development of the Tin Shui 
47 
Wai area and Yuen Long New Town, and the discharges of nearby big residential 
estates such as Fairview Park and Palm Spring, the WENT Landfill, and the Tsang 
Tsui PFA lagoons, and most importantly the Shenzhen City were continually 
increasing. The pollution pressure may be further elevated in the coming years as a 
result of the rapid and extensive development in Deep Bay catchment area. 
The Marshes and mudflats which are drained by water from the Deep Bay are 
under increasing stress from environmental pollution. The polluted water flushes into 
the Marshes through several water channels which dissect the mangrove forests. 
These channels allow polluted water exchange between Deep Bay and the gei wais, 
constituting the major source of water pollution of the Marshes. Organic pollution at 
the Mai Po Marshes was so serious that some of the gei wais were no longer 
productive with respect to shrimp culture (Chiu, 1992; Leung, 1991). A previous 
study carried out in 1987 which compared two gei wais for shrimp culture revealed 
that water in a gei wai closer to residential and agricultural areas was more polluted in 
terms of organic and phosphate levels (Wong et al., 1992). A study carried out in 
1989-1991 revealed that the concentrations of ammoniacal nitrogen and 
orthophosphate phosphorus of water in Mai Po were 1.50 and 1.13 mg 1] respectively 
(Chiu, 1992). These, together with the continual urban development stress around the 
Marshes, severely affect the existence and survival of this valuable coastal wetland in 
Mai Po. 
Most research on Mai Po focused on the ecology, diversity and productivity of 
the gei wais, but comprehensive information on the study of water pollution status of 
the Marshes is scanty. The most recent study on the water quality was conducted in 
1989-1991 (Chiu, 1992)，and it is time to update and develop a better monitoring 
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program of water quality in Mai Po for the sake of pollution control and wildlife 
conservation. The objectives of the present study were to identify the major water 
pollutants and assess the pollution status of the water in the waterways which drain 
the gei wais, and to evaluate the spatial and temporal variations in water pollution. 
Understanding of the pollution level in the Mai Po Marshes allows specific action 
plans to be translated for pond aquaculture and protection ofthe Marshes. 
2.2 MATEmALS AND METHODS 
2.2.1 Water sampling and analyses 
Six water channels which surround the Mai Po Marshes (Fig. 2.2) were 
selected for examining the quality of the water that drains the gei wais. These 
channels drain water from the Deep Bay to the gei wais through the sluice gate, which 
is located at the seaward side of the gei wais. Prior to sample collection, pH, 
electrical conductivity (EC), water temperature and dissolved oxygen (DO) were 
measured in-situ using a Checkmate water meter (Coming, New York, USA), and 
salinity by a S-10 hand refi:actometer (Atago, Tokyo, Japan). Water samples were 
taken at the six water channels outside the sluice gate using a plastic water sampler at 
10 cm below surface level during morning high tides on October 1995, and February, 
April and August 1996. Water samples collected were placed in 1 litre polyethylene 
bottles and 100 ml sterile glass bottles for subsequent chemical and microbiological 
analyses, respectively. The sampling bottles were stored at 4°C in an ice box, and 
were transferred back to the laboratory. Five-day biochemical oxygen demand 
(BOD5) was determined within four hours after sampling in various dilutions by 
measuring the difference in DO in BOD bottles before and after 5-day incubation in 
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Fig. 2.2 Location ofthe six sampling sites at the Mai Po Marshes. 
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the dark at 20°C. The concentrations of total nitrogen (TN) and total phosphorus (TP) 
were determined by semi-micro Kjeldahl digestion followed by salicylate 
nitroprusside method and molybdenum blue method respectively, using a QuickChem 
AE automated ion analyzer (Lachat Instruments，Milwaukee, Wisconsin, USA). The 
concentrations of ammoniacal nitrogen, nitrite nitrogen, nitrate nitrogen and 
orthophosphate phosphorus were determined by Berthelot method, sulfanilamide 
method, Brucine method and ascorbic acid method respectively, using an automated 
ion analyzer. Total solids (TS) and total suspended solids (TSS) were determined by 
oven-drying at 105°C for 1 day and filtration method, respectively, whereas the 
content of chlorophyll a was determined by a Spectronic 601 spectrophotometer 
(Milton Roy, Rochester, New York, USA) after acetone extraction. Lidicator 
microorganisms were analyzed within three hours after sampling; fecal coliforms 
(FC) and fecal streptococci (FS) were enumerated using membrane filter method 
incubated with m-FC (Difco) at 44.5。C for 24 hours and KF-streptococcus (Oxoid) 
agar at 35°C for 48 hours, respectively. Al l measurements and samplings at each 
location were replicated three times and laboratory analyses were done according to 
standard methods (APHA, 1992). 
2.2.2 Statistical analyses 
The spatial and temporal variations in the water quality were determined by 
two-way analysis of variance (ANOVA). Tukey's Honestly Significant Difference 
(HSD) test for calculation of Least Significant Difference (LSD) at /7=0.05 was 
carried out to locate the significant differences between seasons and between sites. 
Pearson correlation coefficients between various parameters were also calculated. Al l 
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data were analyzed by SPSS (Statistical Package for Social Science) for Windows 
Release 6.0 using an JBM 586 PC. 
2.3 RESULTS AND DISCUSSION 
2.3.1 Water quality in the Mai Po Marshes 
Physical, chemical and microbiological properties of the waters sampled from 
the six sites in the Mai Po Marshes from October 1995 to August 1996 are shown in 
Table 2.1. The thermal stratification was believed to be absent in the Mai Po waters 
due to its shallowness in water level of less than 2 meters. Physical parameters like 
temperature and salinity reflect the degree of water circulation in estuarine regions 
(Taljaard et al., 1986), while the physico-chemical characteristics can give an 
indication of the biological quality of an aquatic ecosystem (Newman et aL, 1994). 
The average pH of the water was about neutral (7.09), and varied from 6.61 to 7.66， 
which is generally within the normal range of estuarine water O^nited States 
Environmental Protection Agency, 1993). Salinity of water samples was generally 
much less than the 33 to 35 ppt of open sea waters and ranged from 0.00 ppt in 
summer to 30.0 ppt in winter. The lower salinity level in summer was due to the 
massive influx of the water from inner Deep Bay estuary which receives mass 
freshwater spate from the Pearl River, Shenzhen River and Yuen Long Creek. The 
water was turbid as indicated by the high level of suspended particles (1.51 g 1])， 
which is attributed to the flux of silt-laden water from the Pearl River. The dissolved 
oxygen level of 3.28 mg 1"^  indicates the unacceptable oxygenated level of the water 
samples as it was lower than the optimum value of 5 mg 1] for prawn growth (Chiang, 
1982). The DO level was so fluctuated that in some cases it was below 2 mg 1"^  
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Table 2.1 Physical, chemical and microbiological properties of water sampled during 
high tide from the six sites at the Mai Po Marshes Nature Reserve from October 1995 
to August 1996. 
Parameter MeanlSD Range 
pH 7.09士1.35 6.61-7.66 
EC (mScm_i) 12.1±11.1 1.64-43.2 
Salinity Oppt) 8.30±7.90 00.0-30.0 
Temperature f C ) 24.3±6.83 16.3-33.8 
D O ( m g r i ) 3.28±2.24 0.15-8.11 
BOD5 (mgl_i) 7.54±4.37 0.99-15.3 
T N ( m g l - i ) 、 17.6±8.58 1.27-37.7 
NO2-N (^ig r^) 1.24±0.76 0.12-2.91 
NO3-N (mgl-i) 1.35±0.76 0.03-3.32 
NHx-N (mg l_i) 6.86±4.42 0.53-20.3 
TP(mgl_i) 1.82土1.08 0.05-3.59 
Ortho-P (mgl_i) 1.15t0.74 0.06-2.60 
Chlorophyll-a (p>gl]) 0.14土0.07 0.03-0.27 
TS (gl_i) 8.85±7.95 1.21-33.1 
TSS (gl- i) 1.51土1.60 0.05-6.19 
FC (X 103 cfii 100 ml ] ) 260db285 1.40-1140 
FS (X103 cfu 100 ml-i) 675±1690 2.90-6400 
SD denotes standard deviation. 
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which is the minimum value of for prawn growth (Law, 1988) and the standard level 
for fish survival (Crawford et al., 1995), thereby making biological life at risk. 
Depressed dissolved oxygen levels would adversely affect fish and benthic 
invertebrate communities by inhibiting growth, decreasing survival rates and 
increasing competition. The situation could be worse to larvae of fish and shrimp as 
they swim into the gei wais usually at night when the DO level was low. The low DO 
level, together with the relatively high mean of organic matter of 7.54 mg 1] BOD5, 
suggests a considerable level of organic pollution in the Mai Po Marshes. The 
concentrations of nitrogen and phosphorus were high, which are indicative of 
substantial nutrient enrichment. However, based on the annual mean chlorophyll a 
content, the waters did not contain substantial algal biomass. The waters in Mai Po 
can be described as eutrophic since the concentration of ammoniacal nitrogen as high 
1 -
as 6.86 mg 1" was detected, inferring a risk of eutrophication (Hong Kong 
Environmental Protection Department, 1995a) and the toxic effects on the aquatic 
organisms, particularly the fish. Fecal contamination, which is a useful indicator of 
the potential risk of exposure to human pathogens (Poikolainen et aL, 1995), was 
extremely significant since the contents of fecal coliforms and fecal streptococci were 
ff 
of the order of 10 colony forming units per 100 ml which considerably exceeded the 
water quality standards for the Deep Bay Water Control Zone ^Hong Kong 
Environmental Protection Department, 1995c). The levels of fecal coliforms of the 
water samples recorded were much similar to those in secondary treated sewage 
(Hong Kong Environmental Protection Department, 1995b). It is hard to differentiate 
the origin of pollution, human or animal, by the FC:FS ratio because of the wide 
variations in FC and FS ofthe samples (APHA, 1992; Geldreich and Fenner, 1969). 
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23.2 Spatial pattem of water poUution 
ANOVA was carried out to detect any spatial variation in the various water 
quality parameters (Table 2.2). pH and temperature were generally higher in the 
southern part of the Marshes (Figs. 2.3 and 2.4). EC and salinity were higher at the 
northern end (Figs. 2.5 and 2.6). The lower levels of conductivity and salinity in 
waters at the south are attributed to the massive freshwater influx from the Yuen Long 
Creek and Kam Tin River. DO level in various sites varied from season to season, 
and was greater in the middle, at the north and at the south in October and February, 
April, and August, respectively (¥ig. 2.7). The spatial pattem of BOD5 implies that 
the northern and southern ends (Sites 1，5 and 6) were more severely polluted in terms 
of organic pollution than the middle of the Marshes fFig. 2.8). Regarding nutrient 
levels, waters sampled from the northern end generally had higher concentrations of 
total nitrogen, but a slightly higher level at the south was observed in October (Fig. 
2.9). Nitrite nitrogen and nitrate nitrogen was significantly greater at the southern end 
^*igs. 2.10 and 2.11), whilst ammoniacal nitrogen was significantly greater at the 
northern and southern ends of the Marshes (Fig. 2.12). Total phosphorus and 
orthophosphate phosphorus followed a similar trend as ammoniacal nitrogen O i^gs. 
2.13 and 2.14). The contents of chlorophyll a varied from site to site; Site 1 was 
significantly higher in February and April, and Sites 3, 4 and 5 in August OFig. 2.15). 
The levels of total solids were in general greater in the middle part ^Fig. 2.16), but 
there was no obvious trend in the total suspended solid content which fluctuated 
seasonally OFig. 2.17). Fecal contamination, as shown by the levels of fecal coliforms 
and fecal streptococci, was more severe at the northern and southern edge of the 
Marshes OFigs. 2.18 and 2.19). The elevated pollution levels of waters at the northern 
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Table 2.2 Resuhs of2-way ANOVA tests showing spatial and temporal variations 
in water quality parameters of the Mai Po Marshes. 
Parameter F value 
Between Sites Between Seasons Sites x Seasons 
Interaction 
pH 52.2*** 16.6 15.5*** 
EC 947*** 11900*** 813*** 
Salinity 42.8*** 83.3*** 21.2*** 
Temperature 51.6*** 4360*** 10.8*** 
DO 270*** 1110*** 131*** 
BOD5 1120*** 1200*** 157*** 
TN 5.86*** 99.4*** 4.67*** 
NO2-N 199*** 547*** 141*** 
NO3-N 183*** 402*** 30.8*** 
NHx-N 23.6*** 301*** 29.2*** 
TP 20.2*** 707*** 12.4*** 
Ortho-P 287*** 3700*** 208*** 
TS 277*** 3230*** 250*** 
TSS 30.1*** 1620*** 30.0*** 
FC 149*** 3160*** 201*** 
FS 2720*** 12700*** 2670*** 
Chlorophyll-a 123*** 10900*** 545*** 
z ‘ 
***/7<0.001 indicates the level of probability at which the differences were significant. 
56 
Oct Feb 
8.0 1 8.0 n  
7.5 - 门 7.5 - 门 n 门 
工 ~ ~ ~ ~ 
Q. 
7.0 - p n r n 7.0 一 
6.5 - L L L L l ^ _ L J J ^ L _ U 6 .5 - L L J _ i _ i I _ Q _ ^ _ ^ X J 
1 2 3 4 5 6 1 2 3 4 5 6 
Sites Sites 
Apr Aug 
8.0 n 8.0 n  
J_> -J— 
7 . 5 - n 门 7 . 5 - 门 n n 门 
工 ” r ~ i 
CL 
7.0 - 7.0 - r n 
6.5 > L L J l _ i i _ i L I L I J _ L J 6 .5 丨 




Fig. 2.3 pH ofwater at the six sampling sites at the Mai Po Marshes in October 1995, February, 
April, and August 1996. Measurement was triplicated for each site. Vertical bars are LSD by 
Tukey's HSD test at;7=0.05. 
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Fig. 2.4 Temperature C Q of water at the six sampling sites at the Mai Po Marshes in October 
1995，February, April, and August 1996. Measurement was triplicated for each site. Vertical 
bars are LSD by Tukey's HSD test at严0.05. 
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Fig 2.5 Electrical conductivity (EC) (mS cm]) ofwater at the six sampling sites at the Mai Po 
Marshes in October 1995，February, April, and August 1996. Measurement was tnplicated for 
each site. Vertical bars are LSD by Tukey's HSD test at;7=0.05. 
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Fig. 2.6 Salinity (ppt) ofwater at the six sampling sites at the Mai Po Marshes in October 1995, 
February, April, and August 1996. Measurement was triplicated for each site. Vertical bars are 
LSD by Tukey's HSD test at尸0.05. 
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Fig. 2.7 Dissolved oxygen (DO) (mg 厂、ofwater at the six sampling sites at the Mai Po Marshes 
in October 1995, February, April, and August 1996. Measurement was triplicated for each site. 
Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
61 
Oct Feb 
8 ^ 20 n  
C 6 _ 工 1 6 _ ‘ 
1^  n 门 12 _ n 
一 4 一 n 
tf5 ^ 
Q ~ _ 8 一 
0 r ^ n n 
① 2 - n n 门 门 
4 - n 
0 I 0 l ^ L _ U " i L U _ i J _ ^ ^ J 
1 2 3 4 5 6 1 2 3 4 5 6 
Sites Sites 
Apr Aug 
2 0 n ^ 12 n  
1 6 - 工 10一 I n n 
>^--S I I I 1 I I 
: 鬥 8 - 门 
g 12 -
S 6 - 门 
VO ^ 
Q 8 - � ^ 
〇 4 -
CQ ~ 
4 - _ _ 2 -
0 0 
1 2 3 4 5 6 1 2 3 4 5 6 
Sites Sites 
Fig. 2.8 Five-day biochemical oxygen demand OBOD5) (mg 1'^ ) of water at the six sampling sites 
at the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 2.9 Concentrations oftotal nitrogen (TN) (mg 1"^ ) of water at the six sampling sites at 
the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement 
was triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig 2 10 Concentrations ofnitrite nitrogen ( i^g 1]) ofwater at the six sampling sites at the Mai 
Po Marshes in October 1995，February, April, and August 1996. Measurement was tnplicated 
for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
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Fig. 2.11 Concentrations ofnitrate nitrogen (mg 1]) of water at the six sampling sites at the Mai 
Po Marshes in October 1995, February, April, and August 1996. Measurement was triplicated for 
each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 2.12 Concentrations ofammoniacal nitrogen (mg 1"^ ) of water at the six sampling sites at 
the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atjp=0.05. 
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Fig. 2.13 Concentrations oftotal phosphorus (TP) (mg 1'^ ) of water at the six sampling sites 
at the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement 
was triplicated for each site. Vertical bars are LSD by Tukey's HSD test at;7=0.05. 
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Fig. 2.14 Concentrations oforthophosphate phosphorus (ortho-P) (mg 1'^ ) ofwater at the six 
sampling sites at the Mai Po Marshes in October 1995, February, April, and August 1996. 
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Fig. 2.15 Concentrations of chlorophyll a (p,g 1]) of water at the six sampling sites at the Mai 
Po Marshes in October 1995, February, April, and August 1996. Measurement was triplicated 
for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. The chlorophyll a content 
in October 1995 was not determined. 
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Fig. 2.8 Five-day biochemical oxygen demand OBOD5) (mg 1'^ ) of water at the six sampling sites 
at the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 2.17 Concentrations oftotal suspended solids (TSS) (g 1"^ ) of water at the six sampling sites 
at the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
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Fig. 2.18 Concentrations offecal coliforms (FC) (xlO^ cfli per 100 ml) of water at the six sampling 
sites at the Mai Po Marshes in October 1995, February, April, and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/?=0.05. 
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Fig. 2.19 Concentrations offecal streptococci (FS) (xlO^ cfu per 100 ml) of water at the six 
sampling sites at the Mai Po Marshes in October 1995, February, April, and August 1996. 
Measurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD test at 
;7=0.05. 
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and southern edge of Mai Po Marshes were associated with its proximity to the 
polluted river mouth of which the river waters had significant pollution loadings. The 
relatively lower level of water contamination in the middle part of the Marshes can be 
explained by the dispersion effect due to dilution and mixing with the estuarine water 
from inner Deep Bay and the potential purification capability of the wetland 
ecosystem of Mai Po in which dense mangrove stands can be found (Chapter 4). 
When compared with a previous study in 1989-1991 (Chiu, 1992), the mean 
ammoniacal nitrogen was three times higher in this study. However, lower 
chlorophyll a content and BOD5 were detected. 
2.3.3 Temporal pattern of water poUution 
The ANOVA results of the temporal variation of water quality in Mai Po was 
depicted on Table 2.2. Al l the parameters measured, with the exception of pH, were 
found to be seasonally dependent (Table 2.3). Water temperature of the shallow 
waters in Mai Po generally had a clear trend with a minimum value of 16.3°C in 
February (winter) and a maximum value of 33.8°C in August (summer) as they are 
directly affected by air temperature and solar radiation, which are under strong 
seasonal influence. EC was significantly higher in dry winter season in February as 
expected, which is apparently due to the concentration of dissolved minerals of the 
waters as a result of the low precipitation and high evaporation. However, salinity 
values had little seasonal variations and were similar except in spring which had a 
higher value. Lower DO levels were recorded as expected in spring and summer 
since DO level is inversely proportional to temperature. Low DO values often imply 
eutrophication due to nutrient accumulation; the data suggest that eutrophic condition 
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Table 2.3 Physical, chemical and microbiological properties of water sampled during high 
tide from the six sites at the Mai Po Marshes Nature Reserve in October 1995, February, 
Apri l and August 1996. 
October February April August LSD 
pH 7.27±0.21 7.32±0.31 7.44土0.09 7.40±0.22 0.48 
EC (mScm-i) 4.11±1.87 25.6tl2.4 14.6±2.03 3.71土0.99 13.7 
Salinity Oppt) 15.7土6.40 7.10土1.60 3.70土0.80 7.80±12.2 14.9 
Temperature (°C) 27.8tl.22 17.9士1.00 23：9±0.37 31.8±1.16 2.14 
DO (mg r^) 5.21tl.48 4.26±2.50 1.28±0.50 2.48±1.13 3.40 
BODs (mgl-i) 3.83i0.99 9.83±4.52 9.50±5.16 7.58±2.42 7.9 
TN (mgl-i) 8.46tl.27 16.0±5.20 25.6土4.53 22.3土6.39 10.2 
NCb-N(|igri) 0.65t0.12 1.73±1.04 1.11土0.33 1.66±0.58 1.34 
N03-N (mgl-i) 1.8010.38 1.07i0.45 0.75±0.43 1.99±0.87 1.22 
NHx-N (mgl-i) 1.75±0.53 10.4i4.63 7.64土1.49 8.45i2.34 5.83 
TP(mgl- i ) 0.26±0.05 2.77土0.44 2.29±0.44 2.24i0.48 0.85 
Ortho-P (mgl-i) 0.20±0.06 1.51i0.59 1.77±0.51 1.25±0.12 0.85 
CWorophyll-aOigl-i) NT 0.06士0.03 0.13土0.01 0.21±0.05 0.07 
TS (g r^) 2.96±1.44 17.8土9.01 11.3±2.04 3.01±0.65 10.1 
TSS ( g l ] ) 0.93t0.53 0.1910.05 3.98土0.94 0.94±0.21 1.18 
FC (xlO^ cfulOO ml"^) 96.3t29.1 22.2±38.3 622±242 312±177 326 
FS (xlO^ cfiilOO ml"^) 29.8±24.9 2450t2570 9.30±2.90 12.1i8.60 2760 
Values shown are means and standard deviation. 
NT denotes not tested. 
LSD denotes the least significant difference between seasons by the Tukey's HSD Test at/7=0.05. 
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is particularly important in hot summer season, t i spring and summer the maximum 
rainfall and increased runoff wash down substantial amount of nutrients into the 
rivers. This can be confirmed by the higher BOD5 and nutrient levels in spring and 
summer. Licreased algal population, as measured by chlorophyll a contents, 
corresponded to the increase in the nutrient contents in summer. It is reported that the 
red tide diatom Skeletonema costatum in the Pearl River estuary increased quickly in 
summer season (Lin and Wang, 1993). It was observed that in summer occasional 
algal bloom occurred in certain areas with stagnant waters in Mai Po. The massive 
growth and widely distribution of macroalgae in the gei wais observed in the hot 
summer season further suggest the eutrophic condition, thereby severely threatening 
the aquatic life and the ecosystem health. The high TS but low TSS in winter 
indicated the high concentrations of dissolved salts which may be a result of the 
influx of the industrial and agricultural wastewater and the effects of low rainfall and 
high evaporation. 
Fecal coliforms were significantly higher in spring and summer whereas fecal 
streptococci were at the greatest count in winter. Rainfall had no significant effect on 
bacterial population and the bacterial population was higher in summer and autumn 
seasons (Reddy et al., 1986). It has been reported that higher temperature are 
deleterious to enteric bacteria and some other pathogens (Cohen and Shuval, 1973; 
Lessard and Sieburth, 1983; Roszak et al, 1987). However, fecal streptococci 
survive better than fecal coliforms at low temperatures (Evison and James, 1975). 
Nevertheless, in nutrient enriched environment, enteric bacteria can overcome the 
bactericidal effect of high temperature (Biamon and Hazen, 1983)，and resulted in 
massive proliferation. Lncreased fecal coliforms in spring and summer might also due 
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to the accumulation of runoff water from nearby lands after frequent rainfall events. 
Higher TSS contents of waters in April implies lesser degree of transparency, thereby 
suppressing the photosynthetic activity in the water column by reducing light 
penetration. Turbidity, as indicated by TSS, is likely to be responsible for the good 
survival and high counts of fecal coliforms as a result of interfering sunlight and 
supplying organic matter and nutrients (Dupray et al., 1993; Pommepuy et al., 1992). 
The lower population of fecal streptococci in summer than in spring may be explained 
by the high die-off rate at elevated temperatures (Borrego et al., 1983). Li winter, a 
low FC:FS ratio (< 0.7) was obtained, suggesting pollution by livestock and poultry 
wastes (APHA, 1992; Geldreich and Fermer, 1969). Moreover, the particularly low 
FC:FS ratio was likely to be contributed by the waterfowls and migratory birds which 
rely on the wetland habitats in the Mai Po Marshes to breed, feed, rest and refuel in 
winter. 
» 
2.3.4 Correlation between various parameters 
The results of Pearson correlation coefficient are shown in Table 2.4. Strong 
positive correlation (r=0.97,p=0.001) was obtained between EC and TS but not TSS. 
It is surprising that the DO level was not negatively correlated with temperature. 
Chlorophyll a was positively correlated with temperature and nitrate nitrogen 
suggesting that these factors promote algal growth, but was negatively correlated with 
EC indicating that algal growth was inhibited by high levels of dissolved minerals in 
water. Negative correlation existed between ammoniacal nitrogen and nitrate 
nitrogen which are the two forms of nitrogen in the transformation process. Negative 
correlation was also found between FS and temperature as FS count was limited by 
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Table 2.4 Pearson correlation coefficient between various parameters of water samples. 
^ EC Salinity Temp. DO BOD5 
l c 579 
Salinity -0.22 -0.22 
Temp. 0.06 0.06 0.12 
DO 0.12 0.12 0.39** -0.16 
BOD5 -0.04 -0.04 -0.32** -0.26* -0.5CT* 
TN -0.04 -0.04 -0.35** 0.07 -0.74*** 0.39** 
NO2-N 0.34** 0.34** -0.14 -0.16 0.29* 0.09 
NO3-N 0.31** -0.42*** 0.12 0.55*** 0.38** -0.24* 
NHx-N -0.24* 0.13 -0.28* -0.31** - 0 . 5 4 ^ 0.56*** 
TP 0.12 0.45*** -0.54*** -0.37** -0.46*** 0.62*** 
Ortho-P 0.08 0.20 -0.47*** -0.33** -0.70*** 0.69*** 
TS 0.24* 0.97*** -0.23* -0.80*** 0.29 0.12 
TSS 0.19 0.01 -0.25* 0.02 -0.45*** 0.12 
FC 0.04 -0.18 -0.30* 0.24* -0.68*** 0.38** 
FS -0.30** 0.09 -0.04 -0.48*** -0.21 0.56**" 
Chl-a 0.18 -0.74*** -0.35 0.85 -0.27" -0.19 
TN NO2 -N~NO3 -N~~NHx-N~fP Ortho-P~~fs f s s FC FS 
NO2-N 0 ^ 
NO3-N -0.42州 0.28* 
NHx-N 0.62*** 0.18 -0.32** 
TP 0.58*** 0.45*^* -0.28* 0.76*** 
Ortho-P 0.64_* 0.14 -0.34** 0.77*** 0.83*^ 
TS 0.00 0.52*** -0.42*** 0.14 0.46*_ 0.20 
TSS 0.50*** -0.26* -0.43^* -0.07 0.05 0.26* 0.08 
FC 0.67*** -0.11 -0.33** 0.17 0.30* 0.50*** -0.14 0.68*** 
FS 0.06 -0.16 -0.19 0.63*** 0.39** 0.43*** 0.05 -0.33** -0.29* 
Chl-a 0.27* 0.00 0.59*** -0.16 -0.55*** -0.16 -0.74*** 0.12 0.21 -0.39** 
* p<0.05, ** p<0.01, *** p<0.001. "" 
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hot condition in summer. On the other hand, positive correlation of FS with 
ammoniacal nitrogen and orthophosphate phosphorus, FC with orthophosphate 
phosphorus, and TSS with total nitrogen and fecal coliforms were obtained. The 
latter may be ascribed to the fact that the species are being adsorbed on the suspended 
matter and distributed in the Mai Po waters. 
2.4 CONCLUSIONS 
Analysis of hydrological and chemical data collected in Mai Po during 1995-
1996 shows that the waters in the water channels in Mai Po Marshes exhibited high 
nutrient concentrations and enhanced phytoplankton growth. Species richness and 
. diversity of the Mai Po Marshes may be changed as a resulted of nutrient enrichment 
(Balla and Davis, 1995; Hellawell, 1986). Statistically, spatial and temporal 
variations were simultaneously significant as main effects and their interaction was 
detected (Table 2.2). BOD5, contents of nutrients including total nitrogen, 
ammoniacal nitrogen, total phosphorus and orthophosphate phosphorus, and levels of 
fecal bacteria of the channel waters from the middle part of the Marshes were 
generally lower than those of the southern or northern ends, indicating a spatial 
pollution pattem across the Marshes. This was related to the influx of brackish water 
and various pollutants from Deep Bay which drains the Mai Po area. The 
eutrophication of Mai Po waters may lead to an increased loading of the underlying 
sediments with nutrients (Chapter 3). Temporal variations in water pollution levels 
were observed; pollutant loadings tended to be greater in spring and summer seasons. 
These suggest that, when environmental conservation is the major concern, the water 
exchange between the gei wais and Deep Bay during spring tide should be kept as 
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minimal as possible especially in spring and summer seasons to lower the pollution 




CHAPTER 3 NUTRIENT AND METAL CONTAMEVATION EV 
SEDEVIENTS OF THE MAI PO MARSHES NATURE RESERVE 
3.1 ESTRODUCTION 
Because of the continual discharges of domestic sewage and livestock wastes 
to the Shenzhen River, Kam Tin River, and Yuen Long Creek OHong Kong 
Environmental Protection Department, 1992, 1993b and 1994b)，the water quality 
was so seriously polluted that the underlying sediments in the inner Deep Bay were 
reported to be highly contaminated with nutrients and heavy metals (Hong Kong 
Environmental Protection Department, 1994c) (Table 1.11). Pollution in the inner 
Deep Bay wi l l directly influence the ecological status of the Mai Po Marshes Nature 
Reserve, since the Mai Po inter-tidal wetlands are drained by the tidal water from the 
Deep Bay. Previous studies on the sediment pollution in the Marshes are scarce. 
andy'or incomplete (Cheung et al., 1996; Chiu, 1992). Thus, it is urgent and important 
that a comprehensive investigation should be undertaken to find out a complete 
picture of sediment contamination at the Marshes which consist of a diversity of 
valuable habitats as inter-tidal mudflats, mangrove forests, gei wais and freshwater 
fish ponds. 
Sediments are widely used for pollution assessment since contaminants 
t 
present in trace amounts in the water column can accumulate in sediments to elevated 
concentrations G J^ewman et al., 1994), and usually exceed those of the overlying 
water column by three to five orders of magnitude (Bryan and Langston, 1992). 
Sediments, which act as a sink for contaminants (Harbison, 1986) (Table 1.12)，were 
regarded as integrators and amplifiers of the concentrations of metals (Barreiro et al., 
1994; Real et al, 1993). This can easily be demonstrated by the heavy contamination 
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of sediments in waters receiving wastewater from urban and industrial areas in Hong 
Kong, hi 1994, as high as 500 mg kg"^  of total nitrogen and 199 mg kg"^  of total 
phosphorus were recorded in the sediments from the Victoria Harbour, whereas the 
respective contents in the overlying water were as low as 1.29 mg 1"^  and 0.24 mg 1"^  
(Hong Kong Environmental Protection Department, 1995c). With reference to metal 
enrichment, total contents of nickel and zinc in the sediments from the Victoria 
Harbour were up to 19 mg kg"^  and 199 mg kg] in 1994，respectively (Hong Kong 
Environmental Protection Department, 1995c). The in-situ pollution history ofthe 
overlying water can be estimated by studying the vertical distribution of the 
contaminants along a sediment profile. The recent pollution status can easily be 
shown by the contamination level of the newer (surface) sediment, while the past 
pollution records can be revealed by those of the bottom sediment. Mbrmation on 
the levels of contamination in sediments is important for the understanding of the 
degree of nutrient and heavy metal pollution in aquatic ecosystems. The biological 
impacts of the contaminants from the sediments to aquatic life can be revealed by the 
bioavailable portion of the contaminants. 
Heavy metal contamination in aquatic ecosystems is of particular concern, 
because of the toxic and accumulative nature. Heavy metals, in contrast to others 
pollutants such as ammoniacal nitrogen and orthophosphate phosphorus, are not 
biodegradable. Comparison with geochemical background levels can recognize any 
anthropogenic enrichment. Deep sea clays which are enriched with heavy metals 
cannot be used as a reference for background metal level in inter-tidal marshes 
sediments (Luoma, 1990). Data on the ‘natural’ or 'background' metal levels are 
barely available ^Iarbison, 1986)，making it difficult to determine whether 
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contamination occurs or not. It is thus essential to assess the levels ofcontamination, 
identify and highlight hot spots and to predict the bioavailability of nutrients and 
heavy metals in sediment. 
The aims of this study were to determine the loadings of nutrients and heavy 
metals in sediments at the Mai Po Marshes Nature Reserve for the prediction of the 
impacts on the shrimp productivity in gei wais; and to evaluate the spatial，temporal 
and vertical variations in contamination in sediments and identify any hot spots of 
contamination. Understanding on the pollution level of the channel sediments would 
give the recent pollution history of this wetland and show the possible influences of 
pollution upon the biological life in this wetland. 
3.2 MATEmALS AND METHODS ‘ 
3.2.1 Sediment collection 
The study was carried out in the wetlands at the Mai Po Marshes Nature 
Reserve in the northwestern part of Hong Kong (Fig. 2.1). Sediment samples were 
collected in October 1995, February, April and August 1996 from the distal end ofthe 
water channels draining the Marshes (Fig. 2.2). Undisturbed sediments with three 
replicates were taken at low-tide using an acid-washed polyethylene core sampler (4.5 
cm in diameter). pH, temperature, and redox potential (Eh) of the surface sediments 
were measured in-situ prior to sample collection using a Checkmate water meter 
(Coming, New York, USA). The sediment cores were divided into two sections, 
surface (0-8 cm) and bottom (8-16 cm), immediately upon collection. The sediment 
subsamples collected were stored in air-tight acid-washed polyethylene containers, 
and then transferred back in an ice box at 4°C to the laboratory. 
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3.2.2 Laboratory analyses 
The coarse debris and gravel in the wet sediment samples were removed and 
the samples were air-dried and sieved using a 2-mm mesh prior to laboratory 
analyses. Particle size analysis of the sediments was determined using air-dried non-
sieved samples by hydrometer method. Total organic carbon (TOC) content of 
sediments was determined by Walkley-Black titration method. The analyses of 
particle size and TOC were conducted for the surface sediments only, while the 
contents of nutrient and metal were measured for both surface and bottom sediments. 
The concentrations of total nitrogen and total phosphorus were determined by a Quick 
Chem AE automated ion analyzer (Lachat Instruments, Milwaukee, Wisconsin, USA) 
after concentrated sulphuric acid digestion at 360°C. Water soluble contents of 
nitrogen and phosphorus were determined by Berthelot method and ascorbic acid 
method, respectively, using an automated ion analyzer after 1:5 sediment:water (w/v) 
extraction at 180 rpm for 1 hour and filtration through 0.45p,m Millipore membrane 
filters. Total contents of heavy metals (cadmium, copper, nickel and zinc) were 
determined by a Hitachi Z-8100 atomic absorption spectrophotometer (Polarized 
Zeeman, Tokyo, Japan) after mixed acid (4:1 of conc. H2SO4: conc. HNO3) digestion. 
Soluble metal contents of the extracts were determined by an atomic absorption 
spectrophotometer. Al l analyses were done according to standard methods (APHA, 
1992) as described in Chapter 2. 
3.2.3 Statistical analyses 
The spatial and temporal variations in pH, Eh, temperature and TOC of the 
surface sediments were determined by two-way analysis of variance (ANOVA), while 
84 
the spatial, temporal and vertical variations in the nutrients and heavy metals of 
sediments were determined by three-way ANOVA. Student's t-test was used to 
detect any significant differences at p=0.05 in the quality of surface and bottom 
sediments. Tukey's Honestly Significant Difference fHSD) test was carried out for 
the calculation of Least Significant Difference (LSD) at /7=0.05 to denote the 
significant differences between seasons and between sites. Pearson correlation 
coefficients between various parameters were also computed. Al l data were analyzed 
by SPSS (Statistical Package for Social Science) for Windows Release 6.0 using an 
EBM 586 PC. 
3.3 RESULTS AND DISCUSSION 
3.3.1 PoUution loads in sediments 
Table 3.1 shows the physico-chemical parameters of the surface and bottom 
sediments from the six sampling sites in the Mai Po Marshes Nature Reserve from 
October 1995 to August 1996. Most surface sediments collected were black in color 
with 75.9% (ranged from 65.9% to 91.6%) fraction of silt and clay, and 24.1% 
(ranged from 8.38% to 34.1%) fraction of sand. High proportion of silt and clay 
reflects the estaurine environment of Mai Po mangrove ecosystem that its dense 
vegetation stand further enhances the physical trapping of fine grained particulates. 
The pH value averaged 7.36 and ranged from 6.49 to 8.24. The negative value of 
redox potential (-18mV) indicates the anoxic and reduced nature of the sediments, 
inferring the flooded condition of the sediments. Total organic carbon was 1.66% 
which was much lower than other mangrove ecosystems (Harbison, 1986; Tam and 
Wong, 1994; Wiese et al., 1995)，suggesting that there is little organic pollution of the 
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Table 3.1 Physico-chemical properties of surface (0-8 cm) and bottom (8-16 cm) 
sediment samples from the six sampling sites at the Mai Po Marshes Nature Reserve 
from October 1995 to August 1996. 
Sediment 
Surface Bottom 
Mean±SD Range MeanlSD Range 
General 
pH 7.36±0.52 6.49-8.24 NT 
Redox potential (mV) -18.0±30.7 -68.0-40.0 NT 
Temperature (^C) 26.015.46 16.3-34.0 NT 
Total organic carbon (%) 1.66±0.42 0.84-2.98 NT -
Texture (%) Sand 24.1±9.22 8.38-34.1 NT 
Silt and clay 75.9t9.22 65.9-91.6 NT 
Nutrients 
N(mgkg- i ) Total 353011370 1510-7300 3600±1730 1680-6990 
Soluble 25.7t l l .8 7.87-59.2 33.1t22.4 8.59-75.9 
P(mgkg-i) Total 577t538 119-2080 461±459 16.4-2084 
Soluble 1.18±0.85 0.15-3.14 1.49l0.88 0.22-3.58 
Metals 
Cd(mgkg] ) Total 4.18il.85 1.09-7.47 3.69±2.31 0.16-7.92 
Soluble 0.07i0.10 0.00-0.26 0.12±0.11 0.00-0.26 
Cu(mgkg-i) Total 77.2±21.5 29.9-131 71.4±24.3 30.6-127 
Soluble 0.39土0.26 0.02-0.88 0.41i0.33 0.02-1.00 
Ni(mgkg-i) Total 34.918.68 14.0-55.8 34.4±7.59 20.1-54.5 
Soluble 0.15t0.34 0.00-1.81 0.04t0.07 0.00-0.41 
Zn(mgkg-i) To^ i 211i48.4 124-315 202±48.8 135-307 
Soluble 0.17±0.20 0.00-0.72 0.14±0.19 0.00-0.75 
SD denotes standard deviation. 
NT denotes not tested. 
Al l data are means of all sampling sites and all seasons. 
Al l results ofnutrient and metal contents are shown on dry weight. 
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sediment of Mai Po. However, TOC content, which is also affected by 
decomposition, is not a sensitive pollution indicator. The pollution loading ofMai Po 
increased remarkably in recent years when the total contents of nutrient, in particular 
nitrogen, of sediments at Site 3 were compared with the results of a previous study 
(Chiu, 1992). The increased pollution loading was also evident by the fact that the 
contents of nutrients and metals in surface sediments in the Marshes were slightly 
greater than that of the bottom sediments. Neutral pH value and high content of silt 
and clay of surface sediments may provide a condition for metal immobilization and 
enrichment (Gambrell, 1994; Kadlec and Knight, 1996d; Thome and Nickless, 1981).、 
The level ofnutrients (total nitrogen and phosphorus) in surface sediments in Mai Po 
was at least two times of that of the mangrove sediments in Sai Keng, Hong Kong 
which is relatively remote from urban and industrial areas and is therefore considered 
to have no or minimal anthropogenic inputs of pollutants (Tam and Wong, 1995a). In ‘ 
terms of total heavy metal contents (cadmium, copper, nickel and zinc) in surface 
sediments, the contamination in Mai Po was at least fifteen times higher than that in 
Sai Keng. Based on a classification system for dredged sediment in Hong Kong 
(Anonymous, 1994)，sediment of Mai Po was classified as Class B in terms of the 
total content of nickel and Class C of cadmium, copper and zinc, implying that the 
sediment was moderately to seriously contaminated which requires great care during 
dredging and transport. The concentrations of heavy metals in surface sediments in 
Mai Po were close to the United States Environmental Protection Agency criteria for 
heavily polluted sediments (cadmium >6, copper >50, nickel >50, zinc >200 mg kg") 
(Nichols et al., 1991). This may threaten the biological life, benthic organisms in 
particular, in this valuable wetland. The marked contamination in Mai Po sediments 
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was probably due to the dispersion of the contaminated clayey particulates by the 
water from the Pearl River, Shenzhen River and Yuen Long Creek, and the adsorption 
of the contaminants onto sediments from the polluted overlying water which flushes 
in from the Deep Bay. With reference to the contents of copper and zinc in surface 
sediments in similar ecosystems, the mean and maximum levels recorded in this study 
were comparable to or higher than the values reported by other researchers (Cohen et 
al., 1993; Harbison, 1986; Lacerda et al., 1993; Mackey et al., 1992; Sadiq and Zaidi, 
1994). The total content of sediments is considered irrelevant to pollution assessment 
(Gambrell, 1994; Waldichuk, 1985), as only metals easily released from sediments are、 
likely to become available to aquatic life and are environmentally the most important. 
Based on the means of the nutrients and heavy metals from all sampling sites of all 
seasons, less than 0.1% of contaminants in surface or bottom sediments were water 
soluble (Table 3.1), and thus they were regarded as not readily mobilized to the' 
overlying water column, and were biologically unavailable. Mobilization of 
contaminants from sediments is dependent upon the physico-chemical properties like 
temperature and salinity of the overlying water and was investigated in another 
experiment (Chapter 4). 
3.3.2 Spatial variation of contamination in sediments 
For surface sediments, pH varied from site to site, and was significantly higher 
at Sites 1，2, 5 and 6 in February and August ^"ig. 3.1). This implies that the 
sediments from northern and southern ends of the Mai Po Marshes were slightly 
alkaline. The alkaline nature of the sediments might influence the solubility and 
therefore bioavailability of the contaminants (Wiese et aL, 1995). However, the 
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Fig. 3.1 pH ofsurface sediments from the six sampling sites at the Mai Po Marshes in October 
1995，and February, April and August 1996. Measurement was triplicated for each site. Vertical 
bars ,axe LSD by Tukey's HSD test at j!7=0.05. 
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situation was not the same for each season. The sediments collected in October in the 
southern end (Sites 4, 5 and 6) had a higher pH whereas higher pH was obtained in 
the middle (Sites 3 and 4) and southern end (Site 6) of the Marshes in April. Redox 
potential of surface sediments collected in February and August was significantly 
lower at Sites 2，5 and 6 (-68 to -40 mV), indicating a more anoxic and reduced 
condition of the sediments (Fig. 3.2). bi October, Sites 4，5 and 6 had a relatively 
lower Eh than others. A reverse trend was observed in sediments in April, ofwhich 
Site 4 (the middle part of the Marshes) had a much lower Eh value (-20 mV) when 
compared to other sites. This reflects differences in the degree of flooding which 
controls the oxygen exchange in inter-tidal sediments, and will vary according to the 
tidal cycle and seasonal change (Wiese et al., 1995). In some instances, spatial 
differences in temperature of surface sediments among the six sampling sites were 
significant but generally limited to one or two degree Celsius for each season QFig. 
3.3). Total organic carbon of surface sediments was not significantly different among 
the six sites in February, but higher values were obtained in Site 6 in October, Sites 1 
and 5 in April and Site 3 in August (Fig. 3.4), indicating variations in the rate oflitter 
decomposition and^or the degree of organic pollution in the Marshes. 
Regarding nutrient contamination, surface sediments from Sites 1，2, 5 and 6 
in general had relatively higher total nitrogen contents (4000 to 6000 mg kg"^), except 
that in October higher values were observed at Sites 3 and 5 ^*ig. 3.5). However, 
there was no obvious trend for ammoniacal nitrogen in sediments from the six sites 
(Fig. 3.6). Similarly, no clear pattem can be found for total and soluble phosphorus 
contents among the six sites, although Site 6 had higher levels in all sampling times 
except August (Figs. 3.7 and 3.8). 
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Fig. 3.2 Redox potential (Eh) (mV) of surface sediments from the six sampling sites at the Mai Po 
Marshes in October 1995, and February, April and August 1996. Measurement was triplicated for 
each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 3.3 Temperature (°C) of surface sediments from the six sampling sites at the Mai Po Marshes 
in October 1995, and February, April and August 1996. Measurement was triplicated for each 
each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 3.4 Total organic carbon (TOC) (%) of surface sediments from the six sampling sites at 
the Mai Po Marshes in October 1995, and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at j7=0.05. 
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Fig. 3.5 Total nitrogen concentrations (TN) (xlO^ mg kg]) of surface sediments from the six 
sampling sites at the Mai Po Marshes in October 1995, and February, April and August 1996. 
Measurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 3.6 Ammoniacal nitrogen concentrations (mg kg.、of surface sediments from the six sampling 
sites at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement 
was triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
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Fig. 3.7 Total phosphorus concentrations (TP) (xlO^ mg kg]) of surface sediments from the six 
sampling sites at the Mai Po Marshes in October 1995，and February, April and August 1996. 
Measurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
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Fig. 3.8 Orthophosphate phosphorus concentrations (ortho-P) (mg kg]) ofsurface sediments 
from the six sampling sites at the Mai Po Marshes in October 1995 and February, April and 
August 1996. Measurement was triplicated for each site. Vertical bars are LSD by Tukey's 
HSD test atp=0.05. 
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No significant difference in total cadmium in surface sediments was found 
among various sites in February and August, whereas in October and April samples at 
the southern end (Sites 4，5 and 6) had slightly higher concentrations (Fig. 3.9). No 
significant variation in soluble cadmium contents was obtained in February and April, 
but higher concentration was found at Site 1 and Site 3 in October and August, 
respectively (Fig. 3.10). Total copper contents were significantly higher at Sites 1 and 
6 in all sampling seasons except August (Fig. 3.11). hi August, no significant 
difference in total copper in surface sediments was obtained. Soluble copper in 
October and February was higher at both Sites 1 and 2, but varied greatly in April and 
August (Fig. 3.12). t i general, total nickel concentration tended to be higher at the 
southern end of the Marshes (Fig. 3.13), while the soluble nickel contents were higher 
at Site 1 in all sampling times with the exception of February (Fig. 3.14). Higher 
levels of total and soluble zinc were found in sediments from Sites 1 and 6 in" 
October. However, it varied greatly in other seasons (Figs. 3.15 and 3.16). 
Based on the total and soluble levels of nutrients and metals in the surface 
(newer) sediments, it appears that sites located at the northern and/or southern ends 
were generally more contaminated than those in-between, except ammoniacal 
nitrogen and total and soluble contents of phosphorus and cadmium. The enrichment 
at the two ends was probably due to their proximity to the flow of polluted water from 
the Shenzhen River and Yuen Long Creek. The pollution burden of Shenzhen River 
is attributed to the rapid economic development in the Shenzhen Special Economic 
Zone over the last decade. The urbanization in the Tin Shui Wai areas and the 
growing industrial activities in the Yuen Long Didustrial Center accounts for the 
increasing pollution loading of the Yuen Long Creek. Domestic discharge from 
98 
Oct Feb 
10 n 10 ^  
f ^ 8 - 工 8 - I 
^ 
1^  6 - 6 - n n n 
T5 ~ ~ ~~~ ~~" ~ 
0 4 一 ~~ ~ 4 -
15 
^ 2 - 2 -
0 l - L i L ^ _ L L ^ U J _ U 0 ^ i J l ~ U ~ L L i i _ ^ L 
1 2 3 4 5 6 1 2 3 4 5 6 
Sites Sites 
Apr Aug 
10 n 10 ^  
f " 8 - 工 8 - 工 
旦 
1^ 6 - 6 -
T3 
0 4 - 4 -
15 ~ ~~~ ~~" 
5 2 - n n 2 -
0 i - ^ l ~ ^ ^ L L U ± _ U 0 ^ i > l L i i _ L L i U _ U _ 
1 2 3 4 5 6 1 2 3 4 5 6 
Sites Sites 
Fig. 3.9 Total cadmium concentrations (mg kg"^ ) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
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Fig. 3.10 Soluble cadmium concentrations (xlO"^ mg kg]) of surface sediments from the six 
sampling sites at the Mai Po Marshes in October 1995 and February, April and August 1996. 
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Fig. 3.11 Total copper concentrations (mg kg"^ ) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at j^0.05. 
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Fig. 3.12 Soluble copper concentrations (mg kg'^) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
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Fig. 3.13 Total nickel concentrations (mg kg'^) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at;;=0.05. 
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Fig. 3.14 Soluble nickel concentrations (mg kg]) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 3.15 Total zinc concentrations (mg kg]) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement 
was triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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Fig. 3.14 Soluble nickel concentrations (mg kg]) of surface sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
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residential estates to tributaries which drain the Mai Po Marshes also adds pollutants 
to the area. The pollutants discharged continuously into the Shenzhen River and 
Yuen Long Creek not only pollute the inner Deep Bay but also deposit heavily on the 
underlying sediment. By the diumal tidal cycle, particularly during spring tide with 
the greatest current, contaminated particulates from the underlying sediments in the 
inner Deep Bay would be carried into the Mai Po Marshes. The impacts could be 
further amplified by the current construction works in the Shenzhen River Regulation 
Project which aims at preventing flooding, reducing pollution and facilitating river 
navigation. Extensive dredging of the channel with a view to realigning, widening 
and deepening the Shenzhen River may pose potential environmental impacts to the 
Mai Po Marshes. 
With reference to bottom sediments, total nitrogen contents were generally 
similar over the sampling sites in each season, but significantly higher levels were 
observed at Sites 1 and 3 in August (Fig. 3.17). Li general, levels of ammoniacal 
nitrogen tended to be greater at Sites 1 and/or 3 in all seasons except in August (Fig. 
3.18). The total phosphorus levels did not differ significantly among various sites 
(Fig. 3.19), whereas soluble phosphorus levels were greater at Sites 5 and^or 6 in all 
seasons (Fig. 3.20). Since there was no bottom sediment at Sites 2 and 4，a 
comparison of spatial pollution pattem is difficult. However, in general, the pattem 
of nutrient contamination of bottom sediments was less obvious and much varied 
when compared to those of surface sediments. 
Significantly higher levels of total cadmium of bottom sediments were only 
found in Sites 5 and 6 in October and Site 1 in August (Fig. 3.21). Similar levels 
were obtained for total cadmium at the six sites in February and April (Fig. 3.21), and 
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Fig. 3.17 Total nitrogen concentrations (TN) (xlO^ mg kg'^) ofbottom sediments from the six 
sampling sites at the Mai Po Marshes in October 1995, and February, April and August 1996. 
Mearurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. 
There was no bottom sediment at Sites 2 and 4. 
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Fig. 3.18 Ammoniacal nitrogen concentrations (mg kg"^) ofbottom sediments from the six 
sampling sites at the Mai Po Marshes in October 1995, and February, April and August 1996. 
Measurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
There was no bottom sediment at Sites 2 and 4. 
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Fig. 3.19 Total phosphorus concentrations (TP) (xlO^ mg kg'^) ofbottom sediments fi:om the six 
sampling sites at the Mai Po Marshes in October 1995, and February, April and August 1996. 
Measurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. 
There was no bottom sediment at Sites 2 and 4. 
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Fig. 3.20 Orthophosphate phosphorus concentrations (ortho-P) (mg kg"^) ofbottom sediments 
from the six sampling sites at the Mai Po Marshes in October 1995, and February, April and 
August 1996. Measurement was triplicated for each site. Vertical bars are LSD by Tukey's HSD 
test at j!7=0.05. There was no bottom sediment at Sites 2 and 4. 
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Fig. 3.21 Total cadmium concentrations (mg kg'^) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. There was no bottom 
sediment at Sites 2 and 4. 
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for soluble cadmium in all four sampling months (Fig. 3.22). The northern and 
southern ends of the Marshes were found to be enriched with total and soluble copper 
in October and April but not in February and August, during which no obvious trend 
was detected (Figs. 3.23 and 3.24). The levels of total and soluble nickel were so 
fluctuated that no general trend was identified, but in general no significant difference 
between various sites was obtained (Figs. 3.25 and 3.26). Total and soluble zinc 
contents were generally higher at Sites 1 andA)r 6 ^"igs. 3.27 and 3.28). This is 
particularly true for samples in October and April. The spatial difference in metal 
contamination in bottom sediments indicates that metal enrichment was generally -
greater from the northern and southern ends of the Marshes, though the spatial pattem 
was not as distinct as that of surface sediments. 
3.3.3 Temporal variation of contamination in sediments 
t i February and August, surface sediments was more aUcaline and anoxic 
(Table 3.2). The respective low and high temperature level in February and August 
was attributable to the seasonal variations of the subtropical climate in Hong Kong. 
Total organic carbon was significantly higher in October. Total nitrogen of surface 
and bottom sediments was generally higher in August, whereas ammoniacal nitrogen 
of surface and bottom sediments was significantly higher in February and October, 
respectively (Table 3.3). Total phosphorus in surface sediments was significantly 
higher in April while it was significantly higher in April and August for bottom 
sediments (Table 3.4). Significantly higher level of soluble phosphorus was observed 
in samples collected in October and February for both surface and bottom sediments. 
No obvious trend in nutrient contamination in various seasons can be generalized. 
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Fig. 3.22 Soluble cadmium concentrations (^g kg]) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. There was no bottom 
sediment at Sites 2 and 4. 
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Fig. 3.23 Total copper concentrations (mg kg"^) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test a t p = Q . 0 5 . There was no 
bottom sediment at Sites 2 and 4. 
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Fig. 3.24 Soluble copper concentrations (mg kg_!) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. There was no 
bottom sediment at Sites 2 and 4. 
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Fig. 3.25 Total nickel concentrations (mg kg'^) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. There was no 
bottom sediment at Sites 2 and 4. 
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Fig. 3.26 Soluble nickel concentrations (mg kg"^) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at/7=0.05. There was no bottom 
sediment at Sites 2 and 4. 
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Fig. 3.27 Total zinc concentrations (mg kg"^) ofbottom sediments from the six sampling sites at 
the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test atp=0.05. There was no 
bottom sediment at Sites 2 and 4. 
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Fig. 3.28 Soluble zinc concentrations (mg kg"^) ofbottom sediments from the six sampling sites 
at the Mai Po Marshes in October 1995 and February, April and August 1996. Measurement was 
triplicated for each site. Vertical bars are LSD by Tukey's HSD test at j!7=0.05. There was no 
bottom sediment at Sites 2 and 4. 
120 
Table 3.2 Temporal and vertical variations of pH, redox potential (Eh), 
temperature and total organic carbon (TOC) of surface sediments at the Mai Po 
Marshes. 
pH Eh(mV) Temp^C) TQC(%) 
Sitel 
October 6.59 27.7 26.2 1.69 
February 7.49 -25.3 16.7 1.77 
April 6.72 37.7 26.5 1.84 
August 7.74 -36.7 32.0 1.52 
LSD 0.08 4.40 0.65 0.39 
Site 2 
October 6.62 21.7 25.2 1.82 
February 7.67 -43.0 16.8 1.58 
April 7.01 -6.00 26.7 1.58 
August 7.90 -51.7 32.0 1.06 
LSD 0.13 4.07 0.50 0.82 
Site3 
October 6.56 23.3 26.4 2.24 
February 7.38 -23.3 17.9 1.62 
April 7.17 -10.3 26.7 1.54 
August 7.72 -45.0 33.0 2.01 
LSD 0.11 4.34 0.54 0.46 
Site4 
October 6.85 11.0 26.5 1.50 
February 7.87 -25.3 17.9 1.72 
April 7.36 -23.3 26.6 1.56 
August 7.62 -31.7 33.0 0.92 
LSD 0.14 4.14 0.75 0.31 
Site5 
October 6.89 8.00 28.3 2.10 
February 8.22 -62.0 17.8 1.30 
April 6.88 11.0 27.5 1.84 
August 7.96 -53.3 33.7 1.27 
LSD 0.05 5.44 11.7 0.63 
Site6 
October 7.02 3.33 27.4 2.80 
February 8.19 -62.7 19.7 1.78 
April 7.14 -9.00 27.2 1.28 
August 8.04 -66.3 33.3 1.50 
LSD 0 ^ 4 ^ i_m 0 ^  
Values are means of triplicate. 
LSD denotes the least significant difference between seasons at each site by the 
Tukey's HSD Test at/7=0.05. 
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Table 3.3 Temporal and vertical variations of nitrogen contents of surface and 
bottom sediments at the Mai Po Marshes. 
Total N (mg kg'') p value NHx-N (mg kg"') p value 
surface bottom surface bottom  
Site 1 “ 
October 2800 2050 <0.001 17.4 63.0 NS 
February 2080 1750 <0.05 45.6 17.1 <0.001 
April 4890 3320 NS 50.2 44.2 NS 
August 5880 6470 NS 24.6 12.3 <0.05 
LSD 1730 1324 13.5 10.1 
Site2 
October 3240 17.5 
February 2550 44.5 
April 3450 22.5 
August 5590 7.95 
LSD 1780 4.24 “ 
Site3 
October 4550 2610 <0.01 22.4 74.2 <0.001 
February 1960 2120 NS 26.8 37.9 <0.01 
April 2980 5440 <0.05 34.5 29.6 NS 
August 3530 6790 <0.001 33.6 10.0 <0.001 
LSD 810 1480 6.29 5.30 
Site 4 
October 2400 13.3 
February 1600 40.8 
April 3650 36.2 
August 2930 10.5 
LSD 1550 6.17 
Site5 
October 4820 2310 <0.01 20.5 66.6 <0.001 
February 2340 2480 NS 27.0 29.8 NS 
April 3070 3770 NS 26.1 16.9 <0.05 
August 5460 5310 NS 14.7 8.86 <0.01 
LSD 2020 1370 5.98 5.99 
Site6 
October 3409 2010 <0.01 12.4 63.7 <0.001 
February 1830 1930 NS 31.1 31.3 NS 
April 4110 4210 NS 17.0 13.5 NS 
August 5630 4980 <0.01 19.6 11.0 <0.01 
LSD 683 712 3.16 6.82 
Values are means of triplicate. 
P value denotes the significant differences between surface and bottom sediments at each 
site of each season by the Student's t-test. 
NS denotes no significant difference by the Student's t-test at/7=0.05. 
LSD denotes the least significant difference between seasons at each site by the Tukey's 
HSD Testat/7=0.05. 
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Table 3.4 Temporal and vertical variations of phosphorus contents of surface and 
bottom sediments at the Mai Po Marshes. 
Total P (mg kg"') p value Ortho-P (mg kg"') p value 
, surface bottom surface bottom  
Site 1 
October 266 337 NS 0.78 1.27 <0.01 
February 156 25.6 <0.001 1.58 0.83 <0.01 
April 1050 1320 NS 0.72 0.74 NS 
August 483 521 NS 0.25 0.36 NS 
LSD 42.9 569 0.29 0.35 
Site2 
October 197 0.98 
February 176 1.13 
April 1390 0.41 
August 874 0.53 
LSD 279 0.21 
Site 3 
October 163 247 <0.01 0.72 1.32 <0.01 
February 129 38.5 <0.001 1.14 2.06 <0.001 
April 1540 1580 NS 0.93 1.06 NS 
August 616 587 NS 0.75 0.63 <0.01 
LSD 344 575 1.44 0.59 
Site 4 
October 264 0.69 
February 236 2.29 
April 1530 1.02 
August 180 0.30 
LSD 579 0.40 
Site5 
October 218 179 NS 2.76 2.66 NS 
February 187 18.8 <0.001 2.23 2.55 NS 
April 960 565 NS 1.03 1.36 NS 
August 340 649 <0.001 0.23 0.77 <0.001 
LSD 56.3 339 0.49 0.56 
Site6 
October 271 393 <0.01 3.05 1.13 <0.001 
February 243 20.7 <0.001 3.05 3.41 <0.01 
April 1910 337 <0.001 1.00 1.06 NS 
August 463 549 <0.05 0.74 2.59 NS 
LSD 209 177 0.18 0.43 
Values are means of triplicate. 
P value denotes the significant differences between surface and bottom sediments at each 
site of each season by the Student's t-test. 
NS denotes no significant difference by the Student's t-test at/7=0.05. 
LSD denotes the least significant difference between seasons at each site by the Tukey's 
HSD Testat/7=0.05. 
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Cadmium contents of surface or bottom sediments were significantly greater 
in February (Table 3.5). Total copper was highest in samples for October and April 
while soluble copper was highest in those for April and August (Table 3.6). Total 
nickel content of surface and bottom sediments was generally higher in October 
(Table 3.7)，whereas total zinc was higher in October and April (Table 3.8). With 
respect to temporal variation of metal contamination, metals in sediments of the 
Marshes were in general found to be enriched in October, February and April, but it 
varied from one metal to another. This temporal variation might be accounted by the 
high variability of physico-chemical properties of the overlying water which -
dependent upon the seasonal fluctuations of rainfall and temperature. This helps to 
explain why temporal variations are significantly high in this mangrove ecosystem. 
When the solubility of contaminants of each sites over all seasons (Table 3.9) and 
each season over all sites (Table 3.10) was calculated, less than 10% ofthe nutrients' 
and heavy metals in surface or bottom sediments were water soluble, with the 
exception of the cadmium at Site 3 and cadmium in October 1995. Thus, they were 
regarded as not readily mobilized to the overlying water column, and were 
biologically unavailable (Gambrell, 1994). No or low spatial and temporai variation 
in contaminant solubility existed. 
3.3.4 Vertical variation ofcontamination in sediments 
The nutrient levels (nitrogen and phosphorus) of surface sediments were 
generally higher than those ofbottom layer (Tables 3.3 and 3.4). The levels ofheavy 
metals except copper, either total or soluble, were also generally higher in the surface 
than in the bottom sediments (Tables 3.5-3.8). This suggests that there is a recent 
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Table 3.5 Temporal and vertical variations of total and soluble cadmium contents of 
surface and bottom sediments at the Mai Po Marshes. 
Total Cd (mg kg' ) p value Soluble Cd (mg kg"') p value 
surface bottom surface bottom  
Site 1 “ “ 
October 4.03 0.17 N S 0.07 0.21 <0.001 
February 6.51 7.51 <0.01 0.24 0.25 NS 
April 1.27 2.87 <0.001 0.00 0.03 <0.001 
August 3.41 3.62 N S 0.02 0.01 <0.001 
LSD 1.10 0.59 0.03 0.01 
S i te2 
October 4.06 0.00 
February 6.51 0.25 
April 1.23 0.00 
August 3.55 0.01 
LSD 0.33 0.00 
Si te3 
October 4.46 0.17 N S 0.01 0.19 <0.001 
February 6.91 7.20 N S 0.25 0.25 NS 
April 1.71 2.72 <0.001 0.01 0.03 <0.001 
August 3.34 2.79 <0.001 0.03 0.01 <0.001 
LSD 0.85 0.82 0.01 0.01 
Site 4 
October 4.93 0.00 
February 6.77 0.25 
April 1.90 0.01 
August 3.72 0.02 
LSD 0.59 0.01 
Si te5 
October 5.04 3.18 <0.001 0.01 0.19 <0.001 
February 6.84 7.07 NS 0.25 0.25 NS 
April 2.19 2.82 <0.01 0.04 0.03 NS 
August 3.76 2.66 <0.001 0.01 0.01 <0.01 
LSD 0.49 0.18 0.07 0.01 
Si te6 
October 5.04 3.30 <0.001 0.01 0.20 <0.001 
February 6.97 7.37 N S 0.25 0.25 NS 
April 2.30 2.77 <0.01 0.03 0.02 NS 
August 3.79 2.75 <0.001 0.01 0.01 NS 
LSD 0.42 0.30 0.01 0.01 
Values are means of triplicate. 
P value denotes the significant differences between surface and bottom sediments at each 
site of each season by the Student's t-test. 
NS denotes no significant difference by the Student's t-test at/7=0.05. 
LSD denotes the least significant difference between seasons at each site by the Tukey's 
HSD Test at/7=0.05. 
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Table 3.5 Temporal and vertical variations of total and soluble cadmium contents of 
surface and bottom sediments at the Mai Po Marshes. 
Total Cu (mg kg'') p value Soluble Cu (mg kg"')~"p value 
, surface bottom surface bottom  
Site 1 ‘ 
October 112 107 NS 0.30 0.23 NS 
Februaty 84.5 60.5 <0.01 0.16 0.03 <0.001 
April 131 120 NS 0.66 0.93 <0.01 
August 68.2 67.1 NS 0.63 0.62 NS 
LSD 26.0 20.0 0.07 0.09 
Si te2 
October 73.6 0.28 
February 61.9 0.25 
April 69.4 0.42 
August 62.9 0.61 
LSD 14.5 0.07 
Site3 
October 53.6 73.7 <0.05 0.23 0.12 <0.001 
February 52.4 49.2 NS 0.03 0.03 NS 
April 78.1 69.6 NS 0.55 0.78 <0.05 
August 66.7 59.1 NS 0.78 0.69 NS 
LSD 15.9 15.0 0.06 0.18 
Site 4 
October 79.6 0.19 
February 53.3 0.02 
April 71.9 0.73 
August 81.6 0.63 
LSD 6.92 0.19 
Site 5 
October 93.8 59.6 <0.01 0.19 0.21 <0.05 
February 32.6 31.5 NS 0.03 0.03 NS 
April 94.8 107 <0.05 0.63 0.77 <0.05 
August 83.2 52.9 <0.001 0.65 0.69 NS 
LSD 9.83 10.1 0.07 0.08 
Site6 
October 95.4 85.4 NS 0.15 0.10 <0.05 
February 65.9 57.7 NS 0.03 0.02 <0.05 
April 102 88.8 NS 0.56 0.63 NS 
August 83.8 53.4 <0.001 0.64 0.71 NS 
LSD 12.1 17.0 0.08 0.08 
Values are means of triplicate. 
P value denotes the significant differences between surface and bottom sediments at each 
site of each season by the Student's t-test. 
NS denotes no significant difference by the Student's t-test at;7=0.05. 
LSD denotes the least significant difference between seasons at each site by the Tukey's 
HSD Test atp==0.05. 
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Table 3.5 Temporal and vertical variations of total and soluble cadmium contents of 
surface and bottom sediments at the Mai Po Marshes. 
Total Ni (mg k g ] ) ~ p value Soluble Ni (mg k g ] ) ~ p v a l u e ~ 
； surface bottom surface bottom 
Site 1 ~ " ‘ 
October 37.7 41.5 N S 1.72 0.02 NS 
February 28.5 23.0 N S 0.01 0.00 NS 
April 38.6 36.9 N S 0.31 0.27 N S 
August 25.6 28.3 NS 0.18 0.04 <0.05 
LSD 13.9 5.50 0.18 0.16 
S i te2 
October 38.9 0.07 
February 33.0 0.01 
April 30.1 0.05 
August 22.1 0.05 
LSD 8.65 0.12 
Site3 
October 38.6 45.6 N S 0.17 0.01 <0.001 
February 32.0 34.0 N S 0.01 0.00 NS 
April 33.6 31.5 NS 0.12 0.09 NS 
August 32.2 28.7 <0.01 0.13 0.02 <0.001 
LSD 7.96 3.70 0.45 0.11 
Site 4 
October 49.9 0.07 
February 33.6 0.01 
April 34.8 0.09 
August 31.4 0.10 
LSD 5.49 0.13 
Site 5 
October 51.7 32.7 <0.001 0.14 0.01 <0.01 
February 20.0 35.9 <0.001 0.01 0.00 NS 
April 36.2 37.3 NS 0.17 0.08 NS 
August 28.6 28.0 NS 0.05 0.03 <0.01 
LSD 5.43 5.92 0.10 0.05 
Site 6 
October 54.7 53.5 NS 0.06 0.01 NS 
February 38.6 30.5 <0.05 0.01 0.00 NS 
April 37.7 34.6 NS 0.04 0.05 NS 
August 29.2 28.3 NS 0.05 0.01 <0.001 
LSD 6.27 5.35 0.05 0.04 
Values are means of triplicate. 
P value denotes the significant differences between surface and bottom sediments at each 
site of each season by the Student's t-test. 
NS denotes no significant difference by the Student's t-test at jc>=0.05. 
LSD denotes the least significant difference between seasons at each site by the Tukey's 
HSD Test at/7=0.05. 
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Table 3.5 Temporal and vertical variations of total and soluble cadmium contents of 
surface and bottom sediments at the Mai Po Marshes. 
Total Zn (mg kg"') p value Soluble Zn (mg k g " ) “ p value 
. surface bottom surface bottom  
Sitel 
October 289 264 NS 0.46 0.74 <0.001 
Februaty 220 195 <0.05 0.01 0.02 <0.001 
April 310 292 NS 0.10 0.26 NS 
August 201 187 NS 0.31 0.11 NS 
LSD 89.4 43.2 0.16 0.30 
Si te2 
October 207 0.18 
February 182 0.01 
April 159 0.00 
August 125 0.00 
LSD 32.7 0.03 
Site3 
October 171 229 <0.01 0.10 0.08 NS 
February 163 165 NS 0.14 0.33 NS 
April 252 195 <0.001 0.01 0.08 NS 
August 219 137 <0.001 0.42 0.04 <0.001 
LSD 17.6 32.0 0.04 0.18 
Site 4 
October 207 0.11 
February 161 0.01 
April 204 0.07 
August 263 0.00 
LSD 60.2 0.07 
Site5 
October 240 224 <0.05 0.07 0.06 NS 
February 178 151 <0.05 0.15 0.0 <0.001 
April 251 236 NS 0.26 0.06 NS 
August 172 150 <0.001 0.08 0.01 NS 
LSD 14.9 20.5 , 0.16 0.10 
Site6 
October 261 274 NS 0.57 0.22 <0.001 
February 183 165 <0.05 0.72 0.01 <0.001 
April 260 223 NS 0.16 0.08 NS 
August 174 145 <0.001 0.08 0.05 NS 
LSD 17.4 25.4 0.16 0.10 
Values are means of triplicate. 
P value denotes the significant differences between surface and bottom sediments at each 
site of each season by the Student's t-test. 
NS denotes no significant difference by the Student's t-test at j^0.05. 
LSD denotes the least significant difference between seasons at each site by the Tukey's 
HSD Test at/7=0.05. 
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Table 3.9 Solubility (expressed as ratio of soluble to total content) of various 
contaminants in the surface and bottom sediments from the six sites in the Mai Po 
Marshes. 
‘ Ratio ofsoluble to total (%) — 
N P ^ ^ K i ^ 
Surface sediments 
Sitel 1.07 0.36 1.57 0.48 1.54 0.09 
Site2 0.78 0.31 1.05 0.60 0.15 0.02 
Site3 1.00 0.38 1.22 0.59 0.31 0.08 
Site4 1.13 0.37 1.11 0.52 0.18 0.02 
Site5 0.69 0.66 1.42 0.43 0.24 0.07 
Site6 0.71 0.65 1.38 0.38 0.10 0.18 
Bottom sediments 
Sitel 1.16 0.03 1.04 0.81 0.59 0.05 
Site3 1.34 1.53 29.0 0.62 0.10 0.08 
Site5 1.18 3.93 2.77 0.62 0.09 0.02 
Site6 1.34 4.46 2.61 0.55 0.06 0.04 
Values are means of triplicate. 
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Table 3.10 Solubility (expressed as ratio of soluble to total content) of various 
contaminants in the surface and bottom sediments from the four seasons in the Mai 
Po Marshes. 
Ratio ofsoluble to total (%) 
N P Cd ^ m ^ 
Surface sediments 
Oct 95 0.50 0.65 0.41 0.28 0.95 0.10 
Feb 96 1.79 1.00 3.69 0.13 0.02 0.10 
Apr 96 0.86 0.07 0.64 0.68 0.36 0.04 
Aug96 0.35 0.10 0.33 0.74 0.21 0.05 
Bottom sediments 
Oct 95 3.00 0.68 60.8 0.21 0.03 0.11 
Feb 96 1.40 9.80 3.45 0.06 0.02 0.06 
Apr 96 0.68 0.19 1.06 0.83 0.34 0.05 
Aug 96 0.18 0.19 0.20 1.18 0.09 0.03 
Values are means of triplicate. 
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elevation of pollution loading in the Mai Po Marshes. Based on the estimated 
depositional rate of 1.7 cm of sediments per year at Mai Po (Lee, 1988), the surface 
sediment (0-8 cm) in this study was accounted for the pollution loadings over the last 
five years (1992-1996). This reflects the rapid pace of urbanization and 
industrialization in the Deep Bay catchment area over the half decade. 
3.3.5 Correlation between various parameters 
Table 3.11 shows the Pearson correlation coefficient of various parameters of 
sediments. Highly negative correlation was found between pH and Eh. Oxidation of-
sediments by releasing hydrogen ions could lead to a decrease of pH (Calmano et al, 
1993). Negative correlation of Eh to total and soluble cadmium was also obtained. 
This agrees with the fact that reduced sediments have the capability ofbeing effective 
sinks for metals (Farrah and Pickering, 1977; Giblin, 1985). However, it is surprising 
to find that Eh was positively correlated with total and soluble nickel as well as total 
zinc, suggesting the dissolution of metals is greater as dissolved oxygen concentration 
increases (Waldichuk, 1985). Temperature was found to be negatively correlated 
with contaminant concentration, reflecting the enhanced enrichment level in winter 
(McComb and Lukatelich, 1990; Sly, 1986). TOC was positively correlated with 
soluble phosphorus but negatively correlated with total nickel and soluble zinc. No 
statistically significant relationship was derived between TOC and contents of other 
nutrients and metals. This suggests that TOC might not be the major factor in binding 
contaminants. Negative correlations between total contents of various nutrients were 
detected. Total metal contents were positively correlated with one another, except 
that total cadmium was negatively correlated with other metals. 
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Table 3.11 Pearson correlation coefficient between various parameters of sediments. 
pH Eh Temp. f 0 C T o t a l N ~ N H ^ - N Total P Ortho-P~ 
I h -0.97*** “ 
Temp. -0.07 0.00 
TOC -0.42*** 0.42*** -0.13 
TotalN -0.01 -0.3 0.71*** -0.07 
NHx-N 0.09 -0.01 -0.56*** 0.17 -0.47*** 
Total P -0.17 0.13 0.26* -0.21 0.33*** -0.04 
Ortho-P 0.15 -0.07 -0.52*** 0.48*** -0.41*** 0.21* -0.36*** 
Total Cd 0.39^* -0.35** -0.66*** 0.12 -0.41*** -0.16 -0.60*** 0.47*** 
Soluble Cd 0.47*** -0.40*** -0.86*** -0.05 -0.72*** 0.53*** -0.52*** 0.52*** 
Total Cu -0.51"* 0.54*** 0.34** 0.16 0.09 0.12 0.33*** -0.26** 
Soluble Cu 0.01 -0.07 -0.78*** -0.29 0.67*** -0.31*** 0.62*** -0.56*** 
Total Ni -0.60*** 0.60*** 0.02 0.59*** -0.25** 0.28** -0.07 0.24** 
Soluble Ni -0.11*** 0.42*** 0.11 0.07 0.00 -0.10 0.03 -0.19* 
Total Zn -0.51*** 0.56*** 0.16 0.22 -0.21* 0.35*** 0.21* -0.11 
Soluble Zn 0.02 0.00 0.02 0.43**" -0.23* 0.18 -0.11 0.19* 
Total Cd Soluble Cd Total Cu Soluble Cu Total Ni Soluble Ni Total Zn 
Soluble Cd 0.62*种 
Total Cu -0.49*^ -0.39*^ 
Soluble Cu -0.64*** -Q.77*** 0.38*** 
TotalNi -0.14 -0.07 0.46*** -0.25** 
Soluble Ni -0.10 -0.19* 0.41*** 0.09 0.10 
Total Zn - 0 . 3 7 ^ -0.16 0.82*** 0.14 0.56*** 0.40*** 
Soluble Zn -0.04 0.12 0.29** -0.14 0 .35州 0.25** 0.36*** 
• p<0.05, •* p<0.01, »•* /7<0.001 ““ . 
132 
3.4 CONCLUSIONS 
Table 3.12 shows the results of 2-way and 3-way ANOVA tests of spatial, 
temporal and vertical variations in the levels of contaminant in sediments of the Mai 
Po Marshes. pH, redox potential (Eh), temperature, total organic carbon (TOC), total 
and soluble contents of nutrients and metals, with the exception of soluble cadmium, 
in sediments were found to be significantly different among the six sampling sites. 
Al l parameters of sediments were detected to be temporal dependent. Vertical 
differences in contamination between surface and bottom sediments were evident, 
except for total nitrogen and total nickel, hiteractions between sites, seasons and 
sections were identified, suggesting they were interacting with one another. 
The present study suggests that nutrient and metal contamination of 
sediments was high in the Mai Po Marshes. Hot spots of contamination were 
identified which were located at the northern and/or southern ends of the Marshes. 
The spatial distribution of the total contents of nitrogen, copper, nickel and zinc in 
sediments from the Marshes was the consequences of the increase in urbanization and 
industrial activities of the coastal Shenzhen Economic Zone and Yuen Long area. 
According to the total contents of nutrients and heavy metals, in particular 
phosphorus, copper and zinc, in the sediments, the elevated levels in the surface 
sediments compared to its bottom layer indicates a recent elevation in pollution 
loading. Nevertheless, the solubility and thus the availability of contaminants was in 
general relatively small (<10%). Temporal variation of the measured parameters 
indicates that contamination was in general more serious in October, February and 
April, but it varied from contaminant to contaminant. Geochemical normalization 
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Table 3.12 Results of 2-way and 3-way A N O V A tests showing spatial, temporal and 
vertical differences in levels of contaminant in sediment of the Mai Po Marshes. 
F value 
Parameters Between Between Between Sites x Site x Seasons x Sites x 
Sites Seasons Sections Seasons Sections Sections Seasons x 
Sections 
n^5 197*** 2820*** 61.1*** ‘ 
Eh 539*** 5800*** 180*** 
Temperature 66.4»»* 7200*** 8.98*** 
TOC 8.94*** 31.9*** 7.98*** 
TotalN 0.886 192*»» 1.13 5.36*** 12.1*** 25.8*** 8.04*** 
NHx-N 64.4*** 301*** 120*** 32.4*** 14.9*** 546*** 16.3*** 
TotalP 11.5*** 294*** 14.0*** 9.19*** 14.2*** 18.9*** 15.1»*» 
Ortho-P 298*** 377*** 31.2*** 58.5*** 8.67*** 28.3**» 51.6*** 
Total Cd 41.8*** 1670*** 109*** 28.5*** 6.33** 281*** 17.6*** 
Soluble Cd 3.13 2430*** 386*** 6.78*** 0.19 373*** 4.58*** 
Total Cu 109*** 233*** 56.3*** 20.8*** 7.33*** 4.29 9.61*** 
Soluble Cu 25.2*** 2070*** 9.80* 12.7*** 1.53 52.0»** 7.33*** 
TotalNi 19.4*** 154*** 2.05 10.4*** 2.39 1.59 15.6*** 
Soluble Ni 164*** 191*** 359*** 125*** 165*** 208*** 143*** 
Total Zn 562*** 183*** 39.3*** 7.39*** 0.03 10.0*** 6.13*** 
Soluble Zn 34.9*** 32.6*** 47.6*** 39.2*** 34.2*** 10.7*** 22.1*** 
* p<0.05, • • p<0.01, •*• /7<0.001 
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techniques should be employed in order to get more accurate and concise comparison 
of the degree of contamination levels ofMai Po with other wetland ecosystems. 
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CHAPTER 4 BEHAVIOUR OF CONTAMmANTS EV 
SEDIMENTS m A SffiUMP-GROWmG GEI WAI 
4.1 EVTRODUCTION 
The decrease in shrimp productivity of gei wais in the Mai Po Marshes Nature 
Reserve is be attributed to the deteriorating quality of water in Deep Bay (Chapter 2). 
With the influx of polluted water from the Deep Bay, contaminants are adsorbed onto 
suspended particles and subsequently accumulated in surficial sediments in the Mai 
Po Marshes (Chapter 3). Because of the continuous increase in sediment level in the 
depositional environment in gei wais, gei wais are dredged every five years or more to 
deepen the water channels in the pond for shrimp growth. During the dredging 
process, the contaminants, especially those loosely-bound, would be released to the 
overlying water from the sediment (Gambrell, 1994; Khalid et al” 1981; Tack et aL, 
1996). This threatens the biota and affects shrimp production. Furthermore, the gei 
wais are drained for a week or two every year for the disinfection of the bottom 
sediment. The drying process may increase the potential mobility of contaminants 
released from the sediment to the overlying water when the gei wai is reflooded, thus 
ftoher enhancing the biological impacts on the ecosystem (Fabre, 1988; Qiu and 
McComb, 1994; Schoenberg and Oliver, 1988). 
hi the complex sediment-water system, the movement, availability and 
possible toxicity of contaminants are influenced by chemical and physical factors like 
redox gradient, pH, salinity and temperature (Dumbabin and Bowmer, 1992; 
Gambrell, 1994; Gambrell et al., 1991; Jennett et al., 1980). There is growing 
concem that changes in the physico-chemical conditions of overlying water may 
increase the chemical mobility and hence bioavailability of toxicants from the 
136 
contaminated sediment. Seasonal changes in redox gradient, pH, salinity and 
temperature may also be important in governing the levels ofbioavailable nutrients in 
the sediment and overlying water. The salinity and temperature of water in the Mai 
Po Marshes varied most with seasons (Chapter 2). Knowledge on the mobilization of 
contaminants from the sediments in shrimp-growing gei wais under varying 
environmental conditions such as salinity and temperature is essential. 
The aims of this study were (i) to investigate the degree of pollution of 
sediments of a shrimp growing gei wai so as to assess the potential influence of 
anthropogenic enrichment on shrimp productivity; (ii) to examine the release of 
contaminants from sediments under different levels of salinity and temperature to 
evaluate the potential ecological impact; (iii) to examine the effect of drying on 
contaminant behaviour of reflooded sediments and (iv) to investigate the biological 
impacts of contaminants on the natural ecosystem using bioassays of bacteria, algae 
and amphipods. 
4.2 M A T E m A L S AND METHODS 
4.2.1 Sediment collection 
The study was carried out in a shrimp-growing gei wai (Gei wai 13)，which is 
a shallow shrimp pond with a central vegetated platform, at the Mai Po Marshes 
Nature Reserve (Fig. 4.1). Undisturbed sediment samples were collected in triplicate 
using a Van Veen grab at 5 meter away from the sluice gate of the gei wai in March 
1997. Eight cm thick slices were taken and were kept in plastic bags. The grab and 
plastic bags were acid washed, rinsed with distilled water, and rinsed several times 
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Fig. 4.1 Location ofGei wai 13 at the Mai Po Marshes. 
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with seawater at the collection site before use. Samples were kept at 4°C and were 
analysed within a week. 
4.2.2 General physico-chemical analyses 
pH, Eh and temperature of sediment samples were measured directly on-site 
using a Checkmate water meter (Coming, New York, USA). Moisture content of 
sediments was determined after the samples were oven-dried at 105。C for one week. 
Particle size analysis of the sediments was determined using air-dried non-sieved 
samples by hydrometer method. Total organic carbon (TOC) content of sediments 
was determined by Walkley-Black titration method. The concentrations of total 
nitrogen and total phosphorus were determined by a QickChem AE automated ion 
analyzer (Lachat tistruments, Milwaukee, Wisconsin, USA) after concentrated 
sulphuric acid digestion at 360°C. Total contents ofheavy metals (cadmium, copper, 
nickel and zinc) were determined by a Hitachi Z-8100 atomic absorption 
spectrophotometer (Polarized Zeeman, Tokyo, Japan) after mixed acid (4:1 of conc. 
H2SO4: conc. HNO3) digestion. Pore water of sediment was obtained by centrifuging 
the sample at 10,000 rpm at 4°C for 15 min, and the filtered supematant (^ore water) 
was collected for the measurement of salinity and the contents of nutrients and metals. 
Salinity was measured by a S-10 hand refractometer (Atago, Tokyo, Japan). The <63 
^m (in diameter) fraction of sediment was obtained by wet-sieving using screen 
sieves OHubbard Scientific, Wisconsin, USA), and its physico-chemical properties 
were also determined. Al l analyses were done according to standard methods 
(APHA, 1992). 
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pH, Eh, temperature and salinity of the overlying water were measured in situ 
according to methods as described above. 
4.2.3 Effects of salinity and temperature 
The mobility of contaminants as a function of salinity was studied at different 
temperatures in the laboratory. Wet undisturbed sediment samples in triplicate were 
extracted with double distilled water of different salinity (5, 15 and 25 ppt) at 1:1 
(w/v) ratio at different temperature (15 and 25°C) at 200 rpm for 1 hour, followed by 
centrifugation at 10,000 rpm for 15 min. The contents of ammoniacal nitrogen, 
orthophosphate phosphorus, cadmium, copper, nickel and zinc of the extract were 
determined with suitable matrix according to standard methods (APHA, 1992) as 
described in Chapter 2. 
4.2.4 Effects of drying 
The effect of drying on contaminant behaviour in sediment was studied using 
sediments that were either wet intact sediment as collected or air-dried sediment by 
incubating the wet sediment in a 20°C incubator with ventilation for 7 days. This is to 
simulate the drying of sediment in gei wais every year for the purpose of disinfection. 
The sediments were then extracted with artificial seawater of 15 ppt salinity at 25°C 
at 1:1 (w/v) ratio at 200 rpm for 1 hour. The treatments were replicated three times. 
The extraction condition (25 ppt and 25°C) was selected as it is close to the situation 
in gei wai in November or December during which the gei wais are drained and dried 
up. The contents of nutrients (ammoniacal nitrogen and orthophosphate phosphorus) 
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and metals (cadmium, copper, nickel and zinc) of the extract were determined with 
suitable matrix according to standard methods (APHA, 1992). 
4.2.5 Toxicity assays 
4.2.5.1 Preparation of sediment extract for toxicity tests 
Wet sediment samples were extracted with 35 ppt artificial seawater at 25°C at 
1:1 (w/v) ratio using a orbital shaker at 200 rpm for 1 hour, and centrifuged at 10,000 
rpm for 10 min. The supernatant was filter-sterilised by 0.45^im membrane filter 
OBurton, 1992). The extract was used for toxicity assays. The toxicity tests 
commenced within 2 days after the extraction. 
4.2.5.2 Microtox® toxicity testing 
The standard Microtox® assay employing a marine bacterial species, Vibrio 
fischeri (previously named Photobacterium phosphoreum), was conducted to evaluate 
the toxicity of sediment extract using screening test by a Microtox M500 toxicity 
analyzer (Microbics Corporation, Carlsbad, USA) (Microbics Corporation, 1995). 
The reduction of light emission from the bacteria after 5 min and 15 min exposure at 
15°C was recorded (Casarini, 1991). Light emission of the bacteria was measured 
with a photometer. The reduction in luminescence is proportional to the toxicity of the 
sample (Casarini, 1991; Microbics Corporation, 1995). One hundred percent sample 
was tested in the screening test. Zinc sulphate and double distilled water were used as 
positive and negative controls, respectively (Microbics Corporation, 1995). 
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4.2.5.3 Algal bioassay 
4.2.5.3.1 Algal culture 
The unicellular green alga Chlorella pyrenoidosa CU-2 was originally isolated 
from the estuarine surface water ofTolo Harbour, Hong Kong (Chan, 1991)，and the 
stock culture was maintained on agar slant containing 2% agar in Walne's Medium at 
22 土 20C. Culture on the agar slant was inoculated to 200 ml Walne's Medium in a 
l L Erlenmeyer flask. Ten ml of algal cells at the log phase were inoculated to 190 ml 
Walne's Medium in a l L Erlenmeyer flask. The algal culture was incubated at 22 土 
2°C under cool white fluorescent light at an incident intensity of 4000 lux as 
measured with a LI-189 Photometer (Licor, Nebraska), with a 14/10 hour light-dark 
cycle. 
4.2.5.3.2 Algal growth inhibition test 
Sediment extract was serially diluted with autoclaved algal culture medium 
(Appendix A) to result in 0，6.25, 12.5, 25, 50 and 100% (v/v). Each 125 ml 
Erlenmeyer flask which contained 40 ml culture solution was inoculated with 
Chlorella pyrenoidosa CU-2 at log phase to an initial concentration of2xl0^ cells/ml. 
Each treatment was replicated three times and the flasks were incubated in an 
incubation chamber at 22 土 2。。illuminated with cool white fluorescent tube at a light 
intensity of 4000 lux with a 14/10 hour light-dark cycle on an orbital shaker operated 
at 100 rpm. Algal growth was monitored every day for five days by measuring the 
absorbance of the culture suspension at a wavelength of 690 nm using a MR5000 
microplate spectrometer (Dynatech Laboratories, Chantilly, Virgina, USA). One 
hundred ^1 ofthe well-mixed culture suspension was taken and added into a well ofa 
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96 well microplate for absorbance measurement. A l l glassware were autoclaved 
before use, and aseptic technique was practised throughout the experiment. 
4.2.5.4 Amphipod bioassay 
A local marine amphipod species Elasmopus rapccc originally collected from 
the Tolo Harbour, Hong Kong in 1993 was kept in aerated filtered seawater from the 
Tolo Harbour in a 1,000-litre fibreglass tank. The water surface was partially covered 
by fibre cotton to keep the system cool and dark. The temperature range for the 
species was between 10 and 33。C，with an optimal range of23 to 28。C (Wang, 1996). 
The detail of developmental process of Elasmopus rapax is not known, but the 
species had been used in toxicity tests (Wang, 1996). It was observed that the 
amphipod can grow up to 12-14 mm in body length. The fibre cotton attached with 
amphipods was gently washed with seawater in a plastic pail, and the amphipods were 
then collected by passing the seawater through a 250 pun nylon net. Medium-sized 
(3-4 mm body length) amphipods were selected and kept in a 500 ml beaker with 300 
ml seawater for 2 days without food supply before being used for toxicity test. 
Sediment extract were serially diluted with artificial seawater. Ten randomly selected 
amphipods were transferred to 300 ml plastic cups with a serial dilution of sediment 
extracts at 0，6.25, 12.5, 25, 50 and 100% (v/v). The cups were kept in an incubator 
at 25 土 l0C with a 14/10 hour light-dark cycle for 96 hours. Each treatment was 
replicated three times. No food and aeration was provided throughout the experiment. 
Mortality was recorded at 48 and 96 hours, and amphipods were defined as dead i fno 
response to physical prodding was observed. Results of toxicity assays are expressed 
as percentage of mortality. 
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4.2.6 Statistical analyses 
In Microtox® assay, EC50 in 5 or 15 min exposure was estimated using a 
linear regression package (Microbics Corporation, 1995). For toxicity assay with 
Chlorella pyrenoidosa CU-2, maximum specific growth rate (|imax) was obtained 
from the data of specific growth rate (^) of each culture which was calculated by the 
following equation G^nited States Environmental Protection Agency, 1971): |i=h1(n2-
n1)/(t2-t1) where ni and n2 were absorbances of the cultures at the beginning (ti) and at 
the end (t2) of the selected time interval. Amphipod mortality were evaluated by 
regression analysis of probit programme (Finney, 1971 and 1978)，and the median 
lethal concentration LC50 with 95% confidence interval was determined by a 
computer software, Toxicologist V1.0 (1990) (The Euro-Mediterranean Centre in 
Marine Contamination Hazards, Australia) (Wang, 1996). The LC50 can only be 
calculated from the experimental data with two or more concentrations having partial 
mortalities and with a significant x^ value of Chi-square test (Finney, 1978). 
Student's t-test, analysis of variance (ANOVA) and Tukey's Honestly Significant 
Difference (HSD) test for calculation ofLeast Significant Difference QLSD) at/7=0.05 
were carried out whenever appropriate. Al l data were analyzed by SPSS (Statistical 
Package for Social Science) for Windows Release 6.0 using an IBM 586 PC. 
4.3 RESULTS AND DISCUSSION 
4.3.1 General properties 
Table 4.1 presents the general properties of the overlying water and the pore 
water of sediment from Gei wai 13. Salinity of pore water was greater than that ofthe 
overlying water. Pore water represents an important phase in the transport of 
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Table 4.1 Physico-chemical properties of overlying water and pore water of 
sediments sampled from Gei wai 13 in the Mai Po Marshes Nature Reserve in 
March 1997. 
Overlying water Pore water 
Mean Range Mean Range 
General 
pH 7.18 7.16-7.2 8.20 8.19-8.21 
Temperature (。C) 25.7 25.6-25.7 NT NT 
Eh(mV) -9.33 -10.0-9.00 NT NT 
Salinity (ppt) 12 12-12 16 16-16 
Nutrients 
NHx-N(mgl-i) NT NT 10.8 9.16-12.5 
Ortho-P(mgl-i) NT NT 3.73 3.44-3.97 
Metals 
Cd (mg 1-1) NT NT ND -
Cu(mgr i ) NT NT 0.04 0.04-0.05 
Ni (mg 1-1) NT NT ND -
Zn(mgl-i) NT NT ND -
Value represents the mean of three replicates. 
NT denotes not tested. 
ND denotes not detectable. 
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contaminants from the sediment to the overlying water; the low soluble contents of 
nutrients and metals of pore water reflect a low potential mobility or biological impact 
of the contaminants of sediments (Hong et aL, 1995; Shaw et aL, 1990). The 
sediments consisted predominantly of silt and clays (about 90%) which were formed 
by the settlement of fine particulates from the silt-laden water from the Pearl River. 
Analyses of bulk sediment and the <63 p,m fraction demonstrated that most of the 
nutrient contents (nitrogen and phosphorus) were bound to the coarser particles while 
most of the metals (copper, nickel and zinc) to the fmer particles (silt and clays) on 
which greater number of reactive sites were located (Table 4.2) ODumbabin and 
Bowmer, 1992; Harbison, 1986). The <63 ^im fraction accounted for 40% of the total 
organic carbon content. Finer particles and organic matter are known to have higher 
cation exchange capacity, inferring that the sediments have a great ability to adsorb 
and concentrate metals (Wiese et al., 1995). 
The degree of contamination of sediments in Gei wai 13 was compared with 
those sediments outside the gei wai at the bottom of water channel of previous year 
(April 1996) (labelled as Site 3 in Chapter 3). Total contents of copper, nickel and 
zinc of sediments from water channel were nearly two times as high as those in Gei 
wai 13，whereas the total contents of nitrogen, phosphorus and cadmium were two 
times higher than those in Gei wai 13. These suggest sediment in Gei wai 13 were 
less polluted. However, anthropogenic enrichment was evident when the pollution 
level was compared with the 'background level，in a mangrove swamps in Sai Keng 
in Hong Kong. Total cadmium content of sediments in Gei wai 13 was at least twice 
as high as and the total contents of nitrogen, phosphorus, copper, nickel and zinc were 
up to 10 times higher than those in Sai Keng (Tam and Wong, 1995a). 
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Table 4.2 Physico-chemical properties of bulk and <63 |im fraction sediments 
sampled from Gei wai 13 in the Mai Po Marshes Nature Reserve in March 1997. 
Sediment p value 
Bulk <63 |im fraction 
Mean Range Mean Range 
General 
pH 7.32 7.21-7.38 NT NT NA 
Temperature f C ) 24.7 24.6-24.7 NT NT NA 
Eh (mV) -22.0 -24.0-20.0 NT NT NA 
Moisture content (%) 62.0 56.4-69.6 NT NT NA 
Total organic carbon (%) 2.10 1.92-2.33 0.86 0.78-0.96 <0.01 
Nutrients 
TotalN(mgkg-i) 1023 950-1080 403 370-440 <0.01 
TotalP(mgkg_i) 490 470-502 210 198-226 <0.01 
Metals 
Total Cd (mg kg^) 0.61 0.61-0.61 0.68 0.61-0.76 NS 
TotalCu(mgkg-i) 33.5 32.4-34.0 39.5 38.6-40.6 <0.05 
TotalNi(mgkg-i) 21.5 20.0-23.2 32.8 31.2-34.4 <0.01 
TotalZn(mgkg-i) 134 125-141 177 175-183 <0.05 
Value represents the mean of three replicates. 
Al l results of the contents of nutrients and metals are shown on dry weight. 
NT denotes not tested. 
NA denotes not applicable. 
NS denotes no significant difference (p=Q.05) by Student's t-test. 
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The difference in contamination levels of sediments between Gei wai 13 and 
water channel can be attributed to the management regime ofthe sluice gate which is 
the only, opening of a gei wai for tidal water exchange. The sluice gate opens 
manually only at spring tide for a period of 4 to 5 days to let water flush in to the gei 
wai from Deep Bay. Thus, in terms of exposure, sediment in gei wai was shielded by 
limited exposure to the polluted water from Deep Bay, and to the settlement of 
contaminated clayey particulates outside the gei wai. 
4.3.2 Effects of temperature and salinity 
Fig. 4.2 shows the concentrations of ammoniacal nitrogen of sediment extracts 
under various levels of salinity and temperature. An increase in salinity from 5 ppt to 
15 ppt resulted in a marked increase (p<0.05) in the levels of ammoniacal nitrogen of 
sediment extracts at 25°C but there was no further increase when the salinity was 
raised to 25 ppt. Changes in salinity at a lower temperature 15°C had no significant 
effect on ammoniacal nitrogen level. This indicates that the mobility of ammoniacal 
nitrogen of the sediment is increased in response to an increase in salinity at warm 
condition (25。C) only OBostrom et al., 1988; Health, 1992; Pagnotta et al., 1989). 
Significant increase O^<0.05) of the levels of ammoniacal nitrogen were found at 
salinity of 15 ppt and 25 ppt when temperature was raised from 15°C to 25°C. A 
similar effect of salinity and temperature was obtained on the mobility of 
orthophosphate phosphorus of sediment (Fig. 4.3). However significant difference of 
the levels of orthophosphate phosphorus between 15°C and 25®C was observed only 
at a higher salinity of 25 ppt, with the highest mobility of orthophosphate phosphorus 
at 25 ppt and 25°C. An increase in temperature would enhance the desorption and 
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Fig. 4.2 Concentrations of ammoniacal nitrogen (mg kg'^) in sediment extracts 
under different salinity and temperature. Vertical bar denotes LSD by Tukey's 
HSD test at p=0.05. 
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dissolution ability of phosphorus by the increase in the microbial activity in sediments 
(Bostrom et al., 1988). Statistically significant O^<0.01) temperature x salinity 
interaction was observed for ammoniacal nitrogen and orthophosphate phosphorus 
(Table 4.3). The release of copper from sediment was generally increased with an 
increase in salinity or temperature levels (Fig. 4.4)，but no temperature x salinity 
interaction was obtained. These conflict with the evidence that an increase in salinity 
could lead to increase in the competition for surface binding sites by sodium, calcium 
and magnesium ions with heavy metal ions (Dumbabin and Bowmer, 1992). No 
comparison on the release of cadmium, nickel and zinc from sediments was done 
since they were under the detection limit at any level of salinity or temperature. 
4.3.3 Effects ofdrying 
The water solubility of nutrients (ammoniacal nitrogen and orthophosphate 
phosphorus) in air-dried sediments was lower than those in wet sediments (Table 4.4). 
The nitrification of ammonium to nitrate during the period of drying accounted for the 
reduction of ammoniacal nitrogen (Groffman and Tiedje, 1989; Soulides and Allison, 
1961; Yamaguchi et al., 1990). This sounds contradictory as in some cases drying 
treatment may lead to an increase in the level of ammoniacal nitrogen since 
microorganisms in the sediments killed by desiccation may release ammonium 
(Sparling et al, 1985). Such increase in ammoniacal nitrogen may also be due to 
oxidation during the drying process that destroys the organically bound nitrogen and 
releases ammonium (Kadlec and Knight, 1996d). 
The reduction of phosphorus released from sediments is possibly the result of 
the incorporation of phosphorus into aggregated particles during dehydration 
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Table 4.3 Resdts of2-way A N O V A tests. 
Parameters F value 




* j^<0.05, ** i7<0.01 
Table 4,4 Water soluble portions of contaminants in wet and air-dried sediments 
sampled from Gei wai 13 in the Mai Po Marshes Nature Reserve in March 1997. 
Sediment p value 
Wet Air-dried 
Mean Range Mean Range 
Nutrients 
NHx-N(mgkg^) 16.2 14.2-17.7 9.30 8.48-9.86 <0.05 
Ortho-P (mgkg^) 2.12 2.06-2.20 0.60 0.57-0.64 <0.01 
Metals 
Cd(mgkg-i) ND - 0.02 0.01-0.02 NA 
Cu(mgkg-i) 0.03 0.03-0.04 0.07 0.06-0.08 <0.05 
Ni(mgkg-i) ND - 0.03 0.02-0.03 NA 
Zn (mg kg-i) ND - 0.05 0.04-0.05 NA 
Value represents the mean of three replicates. 
ND denotes not detectable. 
NA denotes not applicable. 
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(Twinch, 1987)，and the condensation of organic matter molecules which results in 
greater accessibility of phosphate to adsorption sites on mineral colloids, that were 
previously obstructed by the presence of organic matter (Haynes and Swift, 1989). t i 
contrast, drying may lead to an increase in phosphorus release to the overlying water 
from sediment (Bartlett and James, 1980; Fabre, 1988; Qiu and McComb, 1994; 
Schoenberg and Oliver, 1988) by killing the microorganisms in sediments by 
desiccation (Sparling et al., 1985). Moreover, part of the phosphorus in the wet 
sediment was contributed by the orthophosphate phosphorus contents of the pore 
water. 
The release of metals to the extracts were generally greater in air-dried 
sediment than those of wet, but statistically significant difference (p<0.05) was 
detected for copper only (Table 4.4). The enhanced release of metals is probably 
attributed to partial oxidation of soil organic matter (Bartlett and James, 1980). 
Drying decreased distinctly the proportion of sulfIdic bound metals through partial 
oxidation and hence release metals from the polluted sediments (Calmano et al, 
• 
1993 ； Jenne and Zachara, 1987). 
4.3.4 Toxicity assays 
Results from the toxicity assays are presented in Table 4.5. The Microtox 
assay with Vibrio fischeri did not indicate toxicity at 100% level of sediment extract, 
but stimulated the bacteria in terms of light emission. Amphipod survival at 48 hr 
exhibited certain toxic responses to the sediment extracts, but no LC50 value could be 
obtained from the probit analysis. The 96 hr LC50 value from the acute toxicity test 
with amphipods was 80.3% (48.7%-234%), inferring a low toxic effect of the 
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Table 4.5 The results of acute toxicity tests of Microtox, green alga and amphipod with 
sediment extract. 
Sediment extract Bioassays 
concentration (%) Microtox Green alga Amphipod 
Vibrio fischeri Chlorella pyrenoidosa Elasmopus rapax 
CU-2 
Luminescence Max. growth rate Mortality 
(o/o) (day-i) (o/o) 
5 min 15 min 48 hr 96 hr 
0.0 NT NT 0.39 0 0 
6.25 NT NT 0.40 0 10 
12.5 NT NT 0.32* 3 20 
25.0 NT NT 0.47* 7 32 
50.0 NT NT 0.27* 17 43 
100.0 175 175 0.14* 37 53 
Value represents the mean of three replicates. 
NT denotes not tested. 
* indicates significant difference to control (0%) atp=0.Q5 by Tukey's HSD test. 
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sediment extract. For Chlorella pyrenoidosa CU-2, inhibitory effect of the sediment 
extracts on growth were little (Fig. 4.5), but significant difference (p<0.01) of 
maximum growth rate was observed in sediment extracts with concentrations 
>12.5%, with the exception that at 25% an unexpectedly stimulatory response is 
obtained. The toxic substances in the sediment extracts had greater influence on the 
survival of amphipod and alga than on the luminescent bacterium. 
4.4 CONCLUSIONS 
Sediment in Gei wai 13 was contaminated with nutrients and heavy metals as 
compared to the mangrove swamp in Sai Keng but was less polluted than the 
sediment in the water channel outside the gei wai in Mai Po Marshes. With reference 
to the binding characteristic of the contaminants, nutrients (nitrogen and phosphorus) 
tend to bind to the coarser particles while metals (copper, nickel and zinc) to the finer 
particles (silt and clays). Sediments with higher percentages of silts and clays had 
high concentrations ofheavy metals. 
Seasonal change in Mai Po might play an important role in the mobility of 
contaminants from sediment to the overlying water, as the mobility of nitrogen and 
phosphorus from sediment increased with increasing salinity and temperature. The 
solubility of nutrients (nitrogen and phosphorus) of air-dried sediments was lower 
than that of wet sediments, while the release of metals to the extracts were in general 
greater in air-dried sediment than in wet sediment. Therefore, biological life in the 
gei wais may be threatened by the increased metals level when the gei wais are 
reflooded after the annual drying process. 
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Fig. 4.5 Absorbance at 690 nm of Chlorellapyrenoidosa CU-2 at various 
concentrations of sediment extracts. Values are the means of triplicate. 
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However, results from the toxicity bioassays indicate that the sediment was 
slightly toxic. This may be reflected by the low soluble content of contaminants of 
pore water and the low bioavailability of contaminants in sediments. Toxic responses 
were detected only by the amphipod survival test and the growth inhibition test of 
Chlorella pyrenoidosa CU-2 but not by the Microtox test. 
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CHAPTER 5 SELF-PURIFICATION CAPABILITY OF GEI 
WAIS AT THE MAI P 0 MARSHES NATURE RESERVE 
5.1 I N T R O D U C T I O N 
With the increasing pollution loads from the Pearl River, Shenzhen River, 
Yuen Long Creek and Kam Tin River in recent years, the water quality ofDeep Bay is 
getting poor in terms of bacteria and nutrient loads (Hong Kong Environmental 
Protection Department, 1995c). During flood tide, the polluted tidal water from Deep 
Bay flushes into the Mai Po Marshes Nature Reserve through a number of water 
channels, thereby posing remarkable impacts on the ecology and biodiversity of the 
wetlands. 
The traditionally operated gei wai with an area of up to 10 hectares is an inter-
tidal marshland. Each has a central shallow vegetated platform which is surrounded 
by deep channels, and enclosed by side bunds. A sluice gate at the seaward side of 
the enclosure allows water to flood the gei wais at high tide and drain at low tide. 
The gei wais are naturally stocked with shrimp larvae in the flushing water from Deep 
Bay in autumn through the sluice gate. By closing the gate, the shrimps remain inside 
until they grow to marketable size by feeding on the organic nutrients that are flushed 
in along with the larvae. Because of the increasing pollution loading in Deep Bay in 
recent years, the time of the sluice gate of gei wais open during spring tide period for 
water exchange is shortened fi:om 10 to 5 days. A previous study which compared the 
water quality of two gei wais revealed that water in a gei wai closer to residential and 
agricultural areas was more polluted in terms of organic and phosphate levels (Wong 
et al., 1992). Some of the gei wais of the Mai Po Marshes, especially those proximate 
to Yuen Long River, were so polluted with nutrients that they were no longer 
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productive with respect to shrimp culture (Chiu, 1992; Leung, 1991). The sluice gate 
of these inactive ponds are not opened so frequently as those for shrimp production. 
Natural wetland systems are efficient water purifiers and have been widely 
used for sewage treatment (Jenssen et al., 1994; Kadlec, 1987a; Kadlec and Knight, 
1996a and 1996e; Trattner and Woods, 1989). Vegetation in the gei wais are mainly 
mangroves, reeds and sedges (Reels, 1994). It is well documented that mangroves 
and reeds are efficient filters for water-bome pollutants (Clough and Attiwill, 1982; 
Clough et al., 1983; Cooper and Hobson, 1989; Gersberg et al., 1986; Hanmier, 
1993)，and that sediment has a high capacity in trapping nutrients (Cohen et al., 1993; 
Robertson and Phillips, 1995; Tam and Wong, 1994 and 1995b). The high 
concentrations of contaminants in Mai Po sediments indicate the capability of 
sediment as a pollution sink (Chapter 3). By retaining the polluted water in gei wais, 
the water quality may be improved by the action ofbiotic (fauna and flora) and abiotic 
(sediments and litter) components. A preliminary study showed that water in gei wai 
was less enriched with nutrients than the water in its connecting water channel (Cha, 
1995). This suggests that gei wais may play a role in water purification. 
The objectives of present study were to examine the change in quality of water 
after being retained in the gei wais for a certain period of time and the temporal 
variation of this assimilative capability. The assimilative capability, i f verified, can 
improve the quality of water in the Mai Po Marshes and conserve the wetlands and 
their associated fauna and flora. 
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5.2 MATEmALS AND METHODS 
5.2.1 Sample collection 
The assimilative potential of gei wais in removing pollutants, nutrients and 
fecal bacteria in particular, was studied in two selected gei wais (Gei wais 7 and 13) at 
the Mai Po Marshes Nature Reserve in March (winter) and August (summer) 1996 
(Fig. 5.1). Mai Po Marshes is characterized by dry cold winter and wet hot summer 
of the subtropical climate in Hong Kong. The size and vegetation composition oftwo 
gei wais were similar (Table 5.1). Gei wai 13 (Plate 5) was actively managed in terms 
of shrimp production, whereas Gei wai 7 (Plate 6) was an inactive and abandoned 
pond. After the spring tidal water flushed in, the sluice gate of two gei wais was 
closed throughout the experimental period of 24 days. The morning after the spring 
tidal water flushed into the gei wais was assigned as Day 0. Sampling of water was 
conducted at Days 0，2, 4，6，8, 12，16，and 24 at three locations of different distances 
from the sluice gate along the gei wais, one in the proximal end close to the sluice 
gate, one in the middle, and the other at the distal end of the gei wai. Water samples 
were taken using a plastic water sampler at 10 cm below surface level in the morning. 
Sampling at each location was replicated three times. Water samples collected were 
placed in 1 litre polyethylene bottles and 100 ml sterile glass bottles for subsequent 
physico-chemical and microbiological analyses, respectively. The sampling bottles 
were stored in an ice box at 4°C, and were transferred back to the laboratory. 
5.2.2 Laboratory analyses 
pH, electrical conductivity (EC), water temperature and dissolved oxygen 
(DO) were measured in-situ prior to sample collection using a Checkmate water meter 
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Fig. 5.1 Location ofthe two selected gei wais at the Mai Po Marshes. 
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Table 5.1 Size and vegetation composition of Gei wais 7 and 13. 
Area Oia) Gei wai 7 Gei wai 13 
Total 10.7 12.2 
Mangrove 0.8 3.1 























































































































































































































































































































































































































































































































































































































































































































(Coming, New York, USA). Five-day biochemical oxygen demand (BOD5) was 
determined within four hours after sampling in various dilutions by measuring the 
difference in DO in BOD bottles before and after 5-day incubation in the dark at 
20。C. The concentrations of ammoniacal nitrogen, nitrite nitrogen, nitrate nitrogen 
and orthophosphate phosphorus were determined by Berthelot method, sulfanilamide 
method, Brucine method and ascorbic acid method respectively, using a QuickChem 
AE automated ion analyzer (Lachat Listruments, Milwaukee, Wisconsin, USA). Total 
suspended solids (TSS) were determined by filtration method. tidicator 
microorganisms were analyzed within three hours after sampling; fecal coliforms 
(FC) and fecal streptococci (FS) were enumerated using membrane filter method 
incubated with m-FC (Difco) at 44.5。C for 24 hours and KF-streptococcus (Oxoid) 
agar at 35°C for 48 hours, respectively. A l l laboratory analyses were done according 
to standard methods (APHA, 1992). 
5.2.3 Statistical analyses 
Data for comparing the percentage reduction of pollutants after 24 days 
between gei wais and between various sections of gei wais were arcsine transformed 
before statistical analyses. Any significant differences at p=0.05 were determined by 
Student's t-test and one-way analysis of variance (ANOVA) whenever appropriate. 
Tukey's Honestly Significant Difference (HSD) test for calculation of Least 
Significant Difference (LSD) at p=0.05 was carried out to locate the significant 
differences between various sections of the gei wais. Al l data were analyzed by SPSS 
(Statistical Package for Social Science) for Windows Release 6.0 using an EBM 586 
PC. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Changes in water quality 
After water flushed in at spring tide, water retained in Gei wais 7 and 13 for 
24 days shows fluctuations in pH at around 7.5 within a range of 2 pH unit fFig. 5.2) 
as many wetlands did (Watson et al., 1989). The increase in pH during the period 
may be resulted from the depletion of carbon dioxide in water by the growth of 
phytoplankton. The temperature at Mai Po in winter and summer averaged 21.1。C 
and 31.3°C respectively. Electrical conductivity of waters during the retention period 
of 24 days in Gei wais 7 and 13 fluctuated within the initial levels, except there is a 
sudden drop on Day 6 in the March sampling (Fig. 5.3). This may due to the dilution 
effect of occasional showers in Mai Po. Jn either season, particularly in summer, 
water samples from Gei wai 13 were much more oxygenated (in some instances 
supersaturated with about 20 mg l'^of DO) as compared to Gei wai 7 (Fig. 5.4), 
implying the possible oxygen production by the elevated photosynthetic rate by the 
growth of phytoplankton. BOD5 level in Gei wais 7 and 13 gradually decreased with 
time (Fig. 5.5), attributing to the fact that settleable organics were removed by 
deposition and filtration under quiescent conditions. The BOD could also be removed 
by the growth of attached and suspended microorganisms (Watson et al., 1989). 
Li the shallow water in Mai Po, the levels of TSS are greatly influenced by 
residence time and turbulence. Fluctuation of TSS level over the monitoring period 
may simply reflect the shallowness of gei wais (Fig. 5.6). This is particularly true in 
the month of August; water sampled in March was much more turbid, hi August, the 
elevated TSS in the first few days in Gei wai 13 may probably be related to the fecal 
materials of cultured fish and shrimps. 
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Fig. 5.2 Changes in pH of water sampled from the top 10 cm in Gei wais 7 and 13 over 
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Fig. 5.3 Changes in electrical conductivity (EC) (mS cm]) of water sampled from 
the top 10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 after 
the closure of sluice gate during spring tide. 
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Fig. 5.4 Changes in dissolved oxygen (DO) (mg 1"^ ) of water sampled from the top 
10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 after the closure 
of sluice gate during spring tide. 
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Fig. 5.5 Changes in 5-day biochemical oxygen demand (BOD5) (mg V )^ of water sampled 
from the top 10 cm in Gei wais 7 and 13over 24 days in March and August 1996 after the 
closure of sluice gate during spring tide. 
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Fig. 5.6 Changes in total suspended solids (TSS) (mg 1'^ ) of water sampled from the top 
10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 after the closure of 
sluice gate during spring tide. 
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In March, concentrations of ammoniacal nitrogen in water decreased greatly 
over the 24 days in Gei wai 7 in March but fluctuated greatly in Gei wai 13 (Fig. 5.7). 
In August, however, the trend was reverse with great reduction in Gei wai 13 but the 
decrease was less than 1 mg 1'^  in Gei wai 7 in August. The reduction ofammoniacal 
nitrogen implies that the vegetated gei wais may have a potential in assimilating 
excess nutrients in polluted water. La March, the decrease in ammoniacal nitrogen in 
Gei wai 7 was accompanied by an increase in oxidized nitrogen (nitrate) fFig. 5.8), 
suggesting that active nitrification has taken place. Li August, the nitrate nitrogen in 
Gei wai 7 did not follow the same trend as in March. This may imply high rate of 
denitrification such that the nitrate was oxidized into nitrogen gas. Under natural 
conditions, nitrate formed in the water would dif!use into the underlying sediments 
and undergo denitrification (Engler and Patrick, 1974). Nitrite level did not show any 
trend but fluctuated greatly throughout the period of 24 days (Fig. 5.9). 
t i summer, high oxygen demand for organic decomposition may discourage 
nitrification. This problem may be overcome by recirculation during rainfall events 
that the nitrogen concentration was diluted and the DO was increased (Watson et al., 
1989). Nitrogen can be removed by direct uptake of plants, volatilization of ammonia 
and bacterial nitrification-denitrif!cation. Volatilization plays a negligible role 
because of the acidic to neutral pH of Mai Po water (Reddy, 1981). Nitrification of 
ammonium can occur in the oxidized root zone, while denitrification occurs in the 
reduced environment in the water column and in the sediment. 
The levels of orthophosphate phosphorus in Gei wais 7 and 13 changed within 
a limited range (Fig. 5.10). Reduction of orthophosphate phosphorus over time was 
observed in March. Li August, however, the reduction was lesser, particularly in Gei 
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Fig. 5.7 Changes in ammoniacal nitrogen (mg 1"^ ) of water sampled from the top 
10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 after the 
closure of sluice gate during spring tide. 
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Fig. 5.8 Changes in nitrate nitrogen (mg 1]) of water sampled from the top 10 cm 
in Gei wais 7 and 13 over 24 days in March and August 1996 after the closure of 
sluice gate during spring tide. 
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Fig. 5.9 Changes in nitrite nitrogen (^ig V )^ of water sampled from the top 10 cm 
in Gei wais 7 andl3 over 24 days in March and August 1996 after the closure of 
sluice gate during spring tide. 
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Fig. 5.10 Changes in orthophosphate phosphorus (ortho-P) (mg 1"^ ) of water sampled 
from the top 10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 after 
the closure ofsluice gate during spring tide. 
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wai 13. Phosphorus can be removed by storage in sediment and in plant biomass, and 
immobilization in the detritus (Boto and Wellington, 1988; Reddy and Sutton, 1984). 
However, the wetlands in Mai Po was not effective in removing phosphorus probably 
because of limited contact of phosphorus with the sediment and root zone (Kadlec, 
1987a). 
A gradual decreasing trend of FC and FS by time was detected in Gei wais 7 
and 13 in either season (Figs. 5.11 and 5.12). This was particularly true for fecal 
coliforms in March which dropped remarkably from the order 10^  to 10^  in Gei wai 7 
in four days. The reduction of pathogens in water may be attributed to filtration and 
sedimentation of suspended matter on which the organisms are adsorbed, predatory 
activities of bacterial feeders, dilution through heavy rains and natural die-off with 
time (Gersberg et al., 1987; Iqbal et al., 1995; Lee, 1995; Watson et al, 1990). 
5.3.1 Removal efficiency 
Purification of polluted water in wetlands is mediated by microbiological 
processes which are under strong seasonal influence. Performance, with respect to 
BOD5 and N in particular, is expected to decrease during winter as compared to 
summer due to low ambient temperatures and reduced microbiological activity 
(Hosomi et al., 1994). The detention period should be longer in cooler season to 
achieve the same level of purification in summer, hi either season, BOD5 reduction in 
Gei wai 7 was significantly greater than that of Gei wai 13. A better performance of 
BOD5 removal was obtained in August (Table 5.2). However, purification 
performance in August (summer) varied greatly with respect to N and P, which may 
be attributed to high surface runoff, evaporation and transpiration, heavy rainfall and 
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Fig. 5.11 Changes in fecal coliforms (FC) (x 10^  cfii 100 ml'^) of water sampled 
from the top 10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 
after the closure of sluice gate during spring tide. 
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Fig. 5.12 Changes in fecal streptococci (FS) (x 10^  cfu 100 ml"^) of water sampled 
from the top 10 cm in Gei wais 7 and 13 over 24 days in March and August 1996 
after the closure of sluice gate during spring tide. 
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insufficient release of oxygen from plant root system to support quantitatively 
significant nitrification. 
The removal ofFC and FS (Table 5.2) agreed with the high removal efficiency 
for constructed wetlands (Gersberg et al., 1987; Haberl and Perfler, 1990). The 
performance, in terms of the removal of FC and FS, was better in Gei wai 7 than Gei 
wai 13 in March. The slow die off rates ofFS in wetlands suggested that FS may be 
removed by accumulating in bottom sediment (Scheuerman et al., 1987 and 1989). 
Quantifying bacterial removal rate in Mai Po purification systems is difficult when 
coliforms and streptococci are used as indicators since they are also contributed by the 
birds and mammals living in the wetlands, in particular in winter when migratory 
birds pass by and stop over. 
The percentage reduction of TSS in Gei wai 13 showed a better performance 
than that of Gei wai 7. Gei wais appear to be less effective than other wetland 
systems in removing TSS (Watson et al., 1989) (Table 5.2). It is documented that 
natural wetlands can remove up to 60-90% of TSS in wastewaters (Day and Kemp, 
1985). Thus, this discrepancy may be due to the shallowness of the wetland system 
that the effect of turbulence because of rainfall, wind or bioturbation on TSS level can 
be great. Turbulent flows in the system probably lead to flushing of suspended 
paticulates out of the sediments, constituting the elevated TSS level. 
Retaining polluted estaurine water in the Gei wais 7 and 13 for a period of 24 
days mostly resulted in remarkable reduction in the levels of BOD5, ammoniacal 
nitrogen, orthophosphate phosphorus, fecal coliforms and fecal streptococci (Table 
5.2). The maximum percentage reduction of BOD5, ammoniacal nitrogen, 
orthophosphate phosphorus, fecal coliforms and fecal streptococci was 71.7, 88.0， 
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Table 5.2 Percentage reduction in BOD5, ammoniacal nitrogen ^fflx-N), orthophosphate 
phosphorus (Ortho-P), fecal coliforms (FC), fecal streptococci (FS) and total suspended 
solids (TSS) of water in Gei wais 7 and 13 after a retention period of 24 days in March and 
August 1996. Al l data were arcsin transformed before statistical analyses. 
Concentration reduction (%) 
March August 
Gei wai 7 Gei wai 13 p value Gei wai 7 Gei wai 13 p value 
BOD5 44.5 22.5 <0.001 71.7 50.0 <0.001 
NHx-N 83.4 0.00 NS 0.00 88.0 <0.001 
Ortho-P 68.3 55.1 NS 8.48 55.7 <0.005 
FC 96.2 49.9 <0.001 0.00 97.9 <0.001 
FS 98.9 74.9 <0.005 88.5 93.2 NS 
TSS 0.00 47.4 <0.001 0.00 17.4 NS 
Value represents mean of nine replicates. 
P value denotes the significant differences of various parameters between Gei wais 7 and 13 of 
each season by the Student's t-test at/7=0.05. 
N S denotes no significant difference by the Student's t-test at/7=0.05. 
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68.3, 97.9 and 98.9%, respectively. This suggests that the gei wais which are wetland 
enclosures with surface hydraulic flow are capable of assimilating nutrients and 
possess a considerable self-purification capacity. This is in line with other studies on 
the purification capability of wetland systems (Ambus and Lowrance, 1991; Maltby, 
1991), which involves important processes such as biodegradation, sedimentation and 
adsorption (Dojlido and Best, 1993b) and is dependent upon four principal 
components: vegetation, water coliunn, substrates and microbial populations 
(Hammer，1992 and 1993). Nutrient retention in wetlands has been demonstrated by 
various studies (Athanas, 1988; Faulkner and Richardson, 1989; Knight, 1990; Knight 
et al., 1984; Richardson and Nichols, 1985; Watson et al, 1989). 
According to the results of the present study, polluted water after being 
( 
retained for a certain period of time in gei wais would be polished with regard to its 
water quality. The differences in the degree of pollutant reduction was detected in 
various sections of gei wais (Table 5.3). Location in gei wai in terms of the distance 
from the sluice gate could affect the assimilative capacity of gei wais. Comparing the 
retention time in various sections, water at the distal end of gei wai tended to stay 
longer as compared to that in the proximal end near the sluice gate. It has been 
demonstrated that the removal efficiency of pollutants in wetland systems increased 
with an increase in residence times (Reddy and Sutton, 1984; Tanner et cd., 1995b). 
Nevertheless, results showed that the removal performance was mostly better at the 
proximal end near the sluice gate. The performance differences may be related to the 
presence ofthe central vegetated platform and/or the degree of mixing of the water in 
the gei wais. However, the details on how these can affect pollutant attenuation is not 
known and should be investigated in future studies. 
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Table 5.3 Percentage reduction in BOD5, ammoniacal nitrogen 0^Hx-N), 
orthophosphate phosphorus (Ortho-P), fecal coliforms (FC), fecal streptococci (FS) 
and total suspended solids (TSS) of water in various sections of gei wais after a 
retention period of 24 days in March and August 1996. Al l data were arcsin 
transformed before statistical analyses. 
Concentration reduction (%) 
March August 
X Y Z X Y Z 
Gei wai 7 
BOD5 55.9a 43.1ab 34.7b 76.0a 74.4a 64.7a 
NHx-N 79.1b 83.4b 87.7a 21.8a 0.00a 0.00a 
Ortho-P 65.6a 67.8a 71.6a 2.25a 0.00a 43.3a 
FC 94.7a 95.9a 97.9a 0.00b 0.00b 79.2a 
FS 99.0a 98.5a 99.9a 96.5a 93.1a 75.9b 
TSS 0.00a 11.6a 0.00a 20.8a 0.00b 0.00b 
Gei wai 13 
BOD5 23.7ab 33.2a 10.5b 53.8a 52.0a 44.1a 
NHx-N 80.8a 80.3a 0.00b 83.1b 89.8a 91.2a 
Ortho-P 65.7ab 79.9a 19.7b 52.9a 53.2a 60.8a 
FC 85.8a 61.6b 2.50c 97.3a 97.1a 99.4a 
FS 98.7a 72.7b 53.3c 94.7a 93.5ab 91.3b 
TSS 51.8a 46.0a 44.3a 36.7a 17.3b 0.00c 
Value represents mean of three replicates. 
X，Y and Z denote the three sampling locations of various distances from the sluice gate of gei 
wai; X is in the proximal end close to the sluice gate, Y in the middle, and Z at the distal end 
of the gei wai. 
Value followed by the same letter for the same row of each season do not differ significantly at 
/7=0.05 level using Tukey's HSD test. 
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5.4 CONCLUSIONS 
The assimilative potential of gei wais at the Mai Po Marshes is suggested. 
Quality ofthe polluted water was improved after being retained in Gei wai 7 which is 
no longer suitable for shrimp growth. The performance of the shrimp growing gei 
wai (Gei wai 13) did show a similar purification capability and efficiency but with a 
greater fluctuation. Gei wais whether active or inactive in terms of aquaculture can be 
used as natural systems for treating polluted water. 
It should be noted that the nekton (fish and shrimps) in Gei wai 13 could 
contribute to water purification but they may also mask the purification capability by 
excreting nutrients, like phosphate (Alongi et al., 1992; Brabrand et al., 1990). Data 
for nutrient assimilation and excretion by fauna in gei wai systems in Mai Po are 
absent. Seasonal variation of the purification capacity cannot be fully visualized by 
the differences in climate conditions as expected. This may imply that the effects of 
heavy rainfall and surface runoff are influential to the performance of gei wais in 
nutrient assimilation. The results of wide variations of water quality in August 
indicate the effects of these factors on purification capability and efficiency. Li this 
study, the purification efficiency, especially in summer, might probably be 
underestimated since evaporation had not been considered. However, the 
performance may also be overestimated due to the effect of dilution by the higher 
level of precipitation in summer. The differences in the assimilative capacity of 
various sections of gei wais were somewhat identified, though the detailed 
mechanism involved are not known. 
Wetland ecosystems can act as sources, sinks or transformers of nutrients 
(Mitsch and Gosselink, 1993b). Wetland systems in Mai Po play a role ofsink anchor 
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transformer that they are effective in removing pollutants such as BOD5, N, P and 
pathogens. The effectiveness is possibly due to a diversity of treatment mechanisms, 
like sedimentation, filtration, chemical precipitation and adsorption, microbial 
interaction with contaminants and uptake by vegetation. Though wetlands have been 
documented to serve an important function in water purification, natural wetlands are 
frequently considered as ‘black boxes' since it is difficult to quantify the level of 
contribution of various components like plant or sediment to the capacity of 
purification. Besides, the efficacy of natural wetlands in water purification depends 
upon a number of uncontrolled variables. These include hydraulic and hydrological 
characteristics such as water budgets, flow pattem and retention time; biological 
characters like species composition, plant age group distribution and root mat size, 
and microbiological activity, as well as soil characteristics, nutrient mass balances, 
climatic conditions, loading rates and regime, the size and configuration of the 
wetlands, and the type and composition of wastewater (Brix, 1994; Davies et al., 
1990; Haberl and Perfler, 1990; Kadlec，1987b; Radoux and Kemp, 1990; Reddy and 
DeBusk, 1987). bi this study, the treatment system in Mai Po is oversimplified as the 
details of many components in the system had not been considered. It is suggested 
that gei wais with no or minimal modification can be used as natural purification 
systems for treating polluted tidal water. It should be emphasized that the gei wais in 
Mai Po are ecologically important as nature reserve, instead of treatment wetlands. 
Besides, to quantify the purification capability of gei wais, the mobility of pollutants 
from the underlying sediments should be considered since this may reverse the effect 
of purification as sediments can act as the sink or source for pollutants (Chapter 3) 
(Carignan and Kalff, 1980). 
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Nutrient enrichment in water wi l l enhance productivity and can support 
sustainable shrimp production in Mai Po. However, much considerations should also 
be taken to the very fact that nutrient enrichment in the Mai Po Marshes would 
change or damage wetland ecosystems and its biodiversity. The use of gei wai for 
water pollution control must be carefully weighed so as to seek for a balance between 
biodiversity conservation and sustainable development. 
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CHAPTER 6 GENERAL CONCLUSIONS 
The eutrophic water in the Mai Po Marshes was characterized by high 
suspended particulates, low dissolved oxygen level, high BOD5, high nutrient 
contents and high fecal bacteria count. The anoxic sediment of the Mai Po Marshes 
was characterized by high concentrations of nutrients and metals，but mostly in 
biological unavailable forms. The spatial pattem of nutrient contamination of water 
was generally similar to that of sediment, reflecting the influences of polluted water 
from the Shenzhen River in the north and Yuen Long-Kam Tin River in the south. 
Significant temporal variations in the quality of water and sediment of the Mai Po 
environment imply that samples should be collected at least once every three months 
in monitoring programme so as to avoid misleading interpretation obtained from one 
sampling only. Sediments can be used to estimate the in-situ pollution history of the -
overlying water since it acts as a good sink for pollutants. 
Experiment of contaminant mobilization of sediments indicated that nutrients 
(ammoniacal nitrogen and orthophosphate phosphorus) of sediments of gei wais were 
more liable to mobilization in saline water and hot season. Dredging works for 
channel deepening in gei wais should be practiced carefully to minimize the dramatic 
release of nutrients from the sediment to the overlying water. Attention should also 
be given to sun-drying of gei wais as it may lead to an increase in metal availability to 
the overlying water when reflooded. It is suggested that after the sediment was sun-
dried, the first batch of tidal water flushed into gei wais should be drained out to 
minimize the possible impacts of the elevated metal levels on the biota in gei wais. 
Microtox assay has been well documented that the toxicity responses of 
luminescent bacteria were sensitive and in good agreement with many biological 
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toxicity tests. However, the case is not true for the present study. Toxic responses to 
the sediment extract were detected only on the amphipod {Elasmopus rapax) and alga 
{Chlorella pyrenoidosa CU-2) but not on Microtox bacterium (Vibrio fischeri). Hi 
screening test of Microtox test, no toxic response of 100% sediment extract on the 
bacterial species was detected. The bacterial species may not be as sensitive as the 
bioassays of amphipod and alga to the toxicity of contaminated sediments. Non-toxic 
response in Microtox test may be due to low toxic level of the sediment extract. 
Some may suggest that the use of solid-phase test in Microtox testing should be better 
to show the picture of biological influences in sediment toxicity assessment. This 
may not be true to the low toxic level as in the present study. Results of the screening 
test of Microtox assay in this study were comparable to those of amphipod and algae 
as they were all conducted in the same extracts. Multi-species approach in sediment 
toxicity testing is encouraged such that several species from different niches should 
be selected. Together with the species employed in the present study, native species 
of shrimp (like Metapenaeus ensis) and fish (like Mugil cephalus) should also be used 
for further studies on toxicological assessment. 
The role of microorganisms, the agents of biotransformation in the 
assimilative study are not well understood. Other than fecal coliforms and fecal 
streptococci, pathogens like Salmonella typhi. Vibrio cholera and Hepatitis A virus 
should also be monitored in future research. Further efforts should also be given to 
better understand the basic functioning of Mai Po wetlands in the processes which 
effect the transformation and removal of nutrients. Also, sluice gate opening regimes 
of gei wais should be examined so that the treatment potential of gei wais can be 
optimized. 
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Wetlands, which are generally transition zones between terrestrial landforms 
and water bodies, have long been regarded as natural receptor for waste disposal. 
However, in recent decades, application of wetlands, either natural or artificial, for 
wastewater treatment or polishing is well documented. Gei wai at the Mai Po 
Marshes employed for water quality improvement is suggested to cope with the 
problems of increasing pollution loading. Results of the water purification study 
indicate that gei wais, either abandoned or actively managed, can help alleviate the 
pollution burdens in the Mai Po wetlands. With respect to the management of gei 
wais, the sluice gate should be open during spring tide for the greatest volume of 
water influx and retained for two to three weeks for water quality improvement, in 
particular for the removal of ammoniacal nitrogen and fecal bacteria. To minimize 
the ecological threat to the Mai Po wetlands in using gei wais for purification units, it 
is recommended that the contaminant levels in the flora and fauna in gei wais should 
be monitored periodically (say every three months) to safeguard the wetland systems 
from environmental destruction and to prevent the seafood in gei wais from 
contamination. 
The present study actually gave a bit of information of the assimilative 
capability of the natural wetlands at the Mai Po Marshes. There are some limitations 
in extrapolating results to other wetland systems since gei wais of Mai Po are specific 
and unique in terms of their configuration (elongated ponds with central vegetated 
platform). It should be emphasized that the gei wai is an ecologically important 
component of the Mai Po Marshes Nature Reserve, instead of a wastewater treatment 
system. Thus, gei wais can be used as natural purification systems for treating 
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polluted tidal water only provided that there is minimal modification of their natural 
components. 
With respect to the management and conservation of the Mai Po Marshes, 
water bodies related to the growing pollution burdens of the Mai Po Marshes include 
the Pearl River, Shenzhen River, Yuen Long Creek, Kam Tin River and Deep Bay. It 
is applauding that monitoring programmes of these water bodies, except the Pearl 
River and Shenzhen River, are periodically conducted by the Hong Kong 
Environmental Protection Department and reports were published annually. 
However, regarding the number of sampling stations, there are only four and two for、 
quality assessment of water of the Yuen Long Creek (60 km long) and Kam Tin River 
(50 km long) respectively, while for Deep Bay, either inner or outer zone, it is limited 
to three and two respectively. With reference to sediment quality, there are only one 
monitoring station in the inner or outer Deep Bay. Though a management model in 
Deep Bay was currently being developed, the scale of monitoring programmes in the 
above water bodies seems to be inadequate and less representative. More intensive 
monitoring programme is therefore essential for protecting the environmental quality 
in the areas of Deep Bay and Mai Po Marshes. 
The present regulations on the environmental conservation around the Deep 
Bay and Mai Po areas are strictly legislated. The discharges of livestock wastes into 
local watercourses are controlled by the livestock waste control scheme so that water 
pollution in the Yuen Long Creek and Kam Tin River has been reported to be 
alleviated markedly. However, the enforcement was poor and should be reinforced. 
Designation of Deep Bay as a Water Control Zone in 1990 may help alleviate the 
pollution burdens by strict regulation on effluent discharges. Since December 1992， 
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enforcement under the Water Pollution Control Objectives has resulted in the 
installation and upgrading of wastewater facilities for the treatment of industrial and 
commerci^ discharges. However, the discharges of domestic wastes from the newly 
developed Tin Siu Wai New Town wil l significantly deteriorate the health of the 
invaluable ecosystems in Deep Bay and Mai Po areas. Suspension of the critically 
important project of development of low-rise residential estate at Nam Sang Wai was 
the results of strong objections from local green groups and the designation of Buffer 
Zones around Mai Po for the purpose of conservation. 
Jn the past decade, studies of ecological aspects of the Mai Po Marshes were 
plenty but monitoring studies were scarce. Studies on the pollution aspects of the Mai 
Po Marshes, which were mainly conducted by local tertiary institutions, were non-
systematic and not comprehensive. For instance, the selection of sampling stations in 
Mai Po varied from one study to another. This may be attributed to the poor 
collaboration between various research groups. It is recommended that a consistent 
sampling strategy should be employed in ail ftoher studies on pollution in Mai Po. 
Pollution problem of Mai Po Marshes is getting worse in recent years such 
that Mai Po is commonly associated with the issues of water quality deterioration, 
shrimp productivity reduction and abandoned gei wais. Other than legislation, the 
situation could only be reversed by putting more emphases on research studies and 
public education. Collaboration of researchers from various tertiary institutes on the 
research projects should be encouraged and could be coordinated by the help of the 
Mai Po manager. Long-term database can then be constructed so that effects of 
development or illegal waste discharge can be readily detected. Collaboration with 
mainland China is encouraged and the Hong Kong-Guangdong Environment 
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Protection Liaison Group should be continued and their cooperation should be further 
strengthened. 
hi conclusion, the implementation of a consistent and regular sampling 
programme and the management of gei wais for water purification are essential to the 
improvement of water quality and the conservation of wetlands in the Mai Po Marshes. 
Di tum, they are important to the protection of oyster fishery in the Deep Bay catchment 
area and the conservation of fauna and flora in the Mai Po Marshes. 
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Appendix A 
Algal culture medium for Chlorella pyrenoidsa CU2 
1 • Preparation of stock solutions 
Chemicals Weight (g)  
Solution A (the chemicals were dissolved in 100 mi of double distilled water and 
added a few drops of conc. HC1 to get dissolution well, and autoclaved for 30 min at 
125°C) 
ZnCl2 2.100 
C0Cl2 6H20 2.000 
GmO6M07O24 4H2O 0.900 
CuSO4 5H2O 2.000 
Solution B (the chemicals were dissolved in 100 ml ofmixture of 1:99 Solution A: 





MnCl2 4H2O 0.036 
FeCl3 0.078 
Solution C (the chemicals were dissolved in 100 ml of double distilled water and 
filter-sterilized with 0.22 \xm membrane filter) 
Thiamin hydrochloride 0.200 
Cyanocobalamin 0.010 
Artificial seawater (the chemicals were dissolved in 1000 ml of double distilled 
water and adjusted at pH 7.6 with conc. HC1, and autoclaved for 30 min at 125°C) 
Synthetic sea salt 30.000 
Tris base 2.430 
2. Preparation of algal culture medium 
1 ml of Solution B and 0.1 ml of Solution C was added into 1000 ml of 
autoclaved artificial seawater and mixed thoroughly. 
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